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PRKl  \('l-;    TO   SIXOXD    EDITION. 


**  The  theoretical  aide  of  pliyHicail  chemistry  Ls  and  will  probably  remain  i 
dominant  one;  it  is  by  this  peculiarity  that  it  ha^ii  exertcnl  Huch  a  great 
fluence  upon  the  neighboring  Bciences,  pure  and  applied,  and  on  thi^  groi 
physical  chemistry  may  be  regarded  aa  an  excellent  school  of  exact  reason: 
(or  all  students  of  natural  sciences." — Arrheniua. 

The  demand  for  a  second  edition  of  this  book  has  not  or 
afforded  the  author  an  opportunity  to  thoroughly  revise  t 
original  text,  but  also  has  made  it  possible  to  include  such  a 
material  as  should  properly  find  a  place  in  an  introductory  te: 
book  ot  theoretical  chemistry. 

The  arduousness  of  the  task  of  revision  and  amplification  1 
been  appreciably  lightened  by  the  helpful  criticisms  and  valual 
suggestions  which  have  been  received  from  those  who  have  u£ 
the  first  edition  with  their  classes. 

So  numerous  were  the  additional  topics  suggested  that  i 
author  found  himself  confronted  with  a  veritable  embarrassmt 
of  riches,  and  not  the  least  difficult  part  of  his  task  has  been  i 
attempt  to  weave  in  as  many  of  these  suggestions  as  seemed  to 
consistent  with  a  well-balanced  presentation  of  the  entire  subje 

The  features  which  distinguish  this  edition  from  the  precedi 
edition  may  be  briefly  summarized  as  follows :  — 

1.  The  necessity  of  introducing  a  short  chapter  on  the  m( 
em  conception  of  the  atom  and  its  structure  involved  1 
further  necessity  of  including  a  preliminary  chapter  tre 
ing  of  those  radioactive  phenomena  upon  which  the  grea 
part  of  our  present  atomic  theory  is  based. 

2.  The  chapter  on  solids  has  been  practiciiily  rewritt) 
the  space  formerly  devoted  to  an  outUne  of  crystals 
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rai)hy  Ix'ing  devoted  in  the  present  edition  to  a  discussion 
of  tlvc  ahsorption  of  liout  by  (Tystalline  solids  and  thu  bear- 
ini;  of  X-ray  spctrtm  on  crystalline  form. 

3.  The  incrciwiiig  iinportanop  of  colloidal  phenomena,  not 
only  to  tlie  chemist  but  also  to  the  biologist,  1o  tlie  physician, 
and  to  the  teehnolo^st ,  ha.s  made  ii  seem  desirable  to  rewrite 
the  entire  eliapler  ilevokni  to  the  eheraislry  of  colloids. 

4.  The  Browiiian  movement  and  it,s  bearing  upon  the  exists 
ence  of  molecules  hjLs  been  briefly  presented  in  u  separate 
chapter  in  order  to  emphjisize  the  inifiortancc  of  the  bril- 
liant expuriiaental  work  of  Perrin  and  others  in  eonfirniing 
the  kinetic  theory. 

5.  The  chapter  treating  of  electromotive  force  has  been 
enlarged  so  as  to  include  a  discussion  of  some  of  the  more 
valuable  methods  which  have  been  proposed  for  deter- 
mining junction  ix)lentials  and  also  to  point  out  several 
useful  appUcations  of  concentration  ceUs. 

6.  An  entirely  new  chapter  in  which  an  attempt  has  l>ecn  made 
to  prt'sent  the  salient  facts  and  more  importunt  (heoriea 
of  photochemistry  in  succinct  form  replaces  the  former 
chapter  treating  of  the  relations  between  radiant  and 
chemical  enei^. 


Among  the  books  to  which  the  author  has  had  frequent  re- 
couise  in  the  preparation  of  this  edition  should  l^e  mentioned 
Rutherford's  '■lladioactive  J^ubsUmccs  and  tiieir  lladiations/'  \V. 
H.  and  W.  L.  Bragg\s  "X-Itays  and  Crystal  Structure,"  Fremid- 
lioh's  "Kapilhirchemie,"  Perrin's  "Les  Atoroes,"  and  Sheppard's 
'*  Photochemistry." 

It  is  with  a  deep  sense  of  gratitude  that  acknowletlgment  is 
ina<le  to  all  of  those  friends  who  have  offeix^l  eriticisius  of  the  old 
edition  and  suggestions  for  the  new.  Sj>ecial  tlianks  ai-e  duo 
to  Dr.  W.  D.  Harkina  of  the  University  of  Chicago  not  only  for 
suggestions  but  for  permission  to  (]uote  exten-siveiy  fmm  his 
pape»rs,  In  Dr.  ,\.  Howanl  Miithews  of  the  University  of  Wis- 
consin for  numemus  helpful  suggestions,  to  Dr.  Walter  A.  Patrick 
of  Johns  Hopkins  University  for  eritieisras  of  the  former  chapter 
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on  colloids  and  to  Mr.  John  McGavack  for  his  conscientious  work 
in  checking  the  answers  to  all  of  the  problems.  In  the  preparation 
of  the  indices  of  names  and  subjects  the  author  is  indebted  to  his 
wife  and  to  Miss  Mary  K.  Pease  who  have  given  valuable  assist- 
ance in  that  wearisome  and  exacting  task.  To  the  pubUshers, 
Messrs.  John  Wiley  and  Sons,  Inc.,  acknowledgment  is  made 
of  their  kindness  in  permitting  the  use  of  Fig.  68  taken  from 
Chamot's  "Elementary  Chemical  Microscopy." 


FREDERICK  H.  GETMAN. 


^AHTORD,  Conn. 
Aug.  7,  1918. 
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"  The  last  thing  that  we  find  in  making  a  book  is  to  know  what  we  muBt 
put  first." — Pascai-. 

The  present  book  is  designed  to  meet  the  requirements  of 
classes  beginning  the  study  of  theoretical  or  physical  chemistry. 
A  working  knowledge  of  elementary  chemistry  and  physics  has 
been  presupposed  in  the  presentation  of  the  subject,  the  uitroduc- 
tory  chapter  being  the  only  portion  of  the  book  in  which  space  is 
devoted  to  a  review  of  principles  with  which  the  student  is  assumed 
to  be  already  fairly  famiUar.  With  the  exception  of  a  few  para- 
graphs in  which  the  application  of  the  calculus  is  unavoidable, 
no  use  is  made  of  the  higher  mathematics,  so  that  the  book  should 
be  intelligible  to  the  student  of  very  moderate  mathematical 
attainments.  Wherever  the  calculus  has  been  employed,  the 
Ftudent  who  is  unfamiliar  with  this  useful  tool  must  accept  the 
correctness  of  the  results  without  attempting  to  follow  the  suc- 
cessive operations  by  which  they  are  obtained. 

The  contributions  to  our  knowledge  in  the  domain  of  physical 
chemistry  have  increased  mth  such  rapidity  within  recent  years, 
that  the  prospective  author  of  a  general  text  book  finds  himself 
confronted  with  the  vexing  problem  of  what  to  omit  rather  than 
what  to  include.  In  selecting  material  for  this  book,  the  author 
has  l)een  guided  in  large  measure  by  liis  own  experience  in  teaching 
theoretical  chemistry  to  beginners  and  to  advanced  students. 
The  attempt  has  been  made  to  present  the  more  difficult  portions 
of  tlie  subject,  such  as  the  osmotic  tlieoPy-  of  solutions,  the  hiws 
of  equilibrium  and  chemical  action,  and  the  j)rin('iples  of  electro- 
chrmistr>%  in  a  clear  and  logical  manner.  Wliile  the  treatment 
of  each  topic  is  necessarily  brief  yet  the  effort  has  been  ma^le  to 
avoid  the  sacrifice  of  clearness  to  brevity. 
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The  author  is  fully  convinced  from  his  own  experience  as  well 
Ofi  from  that  of  his  colleagups,  that  the  complete  master>'  of  the 
fundamental  principles  of  the  science  is  best  attained  through 
the  sohition  of  numerical  examples.  For  this  reason,  typical 
problems  have  been  appended  to  various  chapters  of  the  book. 

Numerous  references  to  original  papers  have  been  given  through- 
oulj  since  the  importance  of  literan,'  research  on  the  part  of  the 
student  is  conceded  by  all  teachers  to  be  of  prime  importance. 

Wliile  a  brief  account  of  radioactive  phenomena  might  very 
properly  be  considered  to  lie  within  the  scope  of  a  general  outline 
of  theoretical  chemistn,',  yet  owing  to  the  unparalleled  growtl» 
of  knowledge  in  tins  field  during  the  lost  d^-cade,  the  author  has 
come  to  believe  that  ii  eondeustHj  statement  of  the  main  facts  of 
radio  chemistry  would  not  he  of  sufficient  value  to  justify  the 
effort  involve<I  in  its  i>rrpiiralion. 

In  the  original  preparation  of  his  lectures,  and  in  their  evolution 
into  book  form,  the  author  has  hail  frequent  occasion  to  consult 
Nemst's  "Theoretische  Chemie,"  Ostwald's  "Lehrbuch  der 
allgemeinen  Chemie, "  and  Van't  Hoff's  "  Vorlesungen  ueber 
theoretische  und  physikalische  Chemie."  Among  other  books 
to  which  the  author  is  especially  indebted  are  the  following:  — 
Le  Blanc's  "Lehrbuch  der  Eiektrochemie."  Daneel's  "Elek- 
trochemie."  Text  Ijooks  of  Physical  Chemlstr>'  edited  by  Sir 
William  Ramsay,  Bigelow's  "  Tht*oretieal  and  Physical  Chem- 
istry." Jones*  "Elements  of  Phy.sical  Chemistrj'/*  Reychler- 
Kuhn's  "  Phyakalisch-chemischc  Thcoriccn, "  and  Whetham's 
''Theory  of  Solution." 

In  the  preparation  of  the  problems  the  author  would  record  his 
indebtedness  to  Abegg  and  Sackur's  "  Physikalisch-chemisahe 
Rechenaufgaben, "  and  lo  Morgan's  "Elements  of  I^hy.sieai 
ChemiKtr>'." 

It  is  a  pleasure  to  acknowle<lge  the  valuable  assistance  rendered 
by  Dr.  ICleanor  F.  Bliss  and  Or,  Anna  Jonas,  who  have  read  imd 
revised  the  proof  of  the  paragraphs  treating  of  crystallmc  form. 
The  index  of  titles  and  names  has  bt-en  prei)ared  by  the  author's 
wife  to  whose  untiring  patience  its  completeness  is  due.  Tho 
author  would  also  record  his  Ihuuks  to  those  frieuds  whose  kindly 
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^nttSmam  hsB  helped  to  remoTB  many  blemishee.  Finally,  the 
aathor  woold  exprafls  his  appreciation  of  the  kindness  of  Messn. 
Adam  WHg/gr  of  Ii(nidon,  and  Frits  Eoehler  of  Ldpog  who  have 
icndeKed  great  aaaistanoe  by  permitUng  the  reproduction  of 
ffluBtratioos  of  i^ipaiatus  from  their  catalogs. 


SiooKBBiDOB,  Mam, 
Aug.  IS,  1913. 


FREDERICK  H.  GETBIAN. 
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THEORETICAL  CHEMISTRY. 


CHAPTER  I. 

FITNDAMENTAL   PRINCIPLES. 

Theoretical  Chemistry.  That  portion  of  the  science  of  chem- 
istry which  has  for  iu  ohject  tht?  study  of  the  laws  controlling 
chemical  phenomena  is  called  theoretical  or  physical  chemistry. 
The  first  attempt  to  summarize  the  more  important  facts  and 
idefiff  underlying  the  science  of  chemiatrj'  was  mode  by  Dalton  in 
1808  in  his  "New  System  of  Chemical  Philosophy."  The  birth 
of  the  science  of  theoretical  chemistry  may  be  considered  to  be 
coeval  with  the  appoarance  of  Dalton's  epoch-making  book. 

Theoretical  chemistry  is  concerned  with  the  great  generaliza- 
tions of  chemical  science  and  bears  the  same  relation  to  chemistry 
that  philosophy  hears  to  the  whole  body  of  scientific  truth;  it 
aims  to  s>*stematize  all  of  the  ostablished  facts  of  chemistry 
and  to  discover  the  laws  governing  the  various  phenomena  of 
chemical  action. 

Law,  Hypothesis  and  Theory.  The  science  of  chemistry  is 
based  upon  experimentally  established  facts.  When  a  number 
of  facta  have  been  collect^nl  and  classified  we  may  proceed  to  draw 
inferences  as  to  the  behavior  of  systems  under  conditions  which 
have  not  been  investigated.  This  process  of  reasoning  by  analt^y 
we  term  generalization  and  the  conclusion  reached  wc  call  a  law. 
It  is  apparent  that  a  law  is  not  an  expression  of  an  infallible  truth, 
bat  it  is  rather  a  condensed  statement  of  facts  which  have  been 
disoovcrcd  by  experiment.  It  (■nu!)Ics  us  to  predict  results  with- 
out recourse  to  experiment.  The  fewer  the  number  of  cases  in 
which  a  law  has  been  found  to  Ixj  invalid,  the  greater  becomes  our 
confidence  m  it,  until  eventually  it  may  come  to  be  regarded  as 
tantamount  to  a  stutemcut  uf  fact. 
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Natural  laws  may  be  discovered  by  the  correlation  of  experi- 
mentally detennlned  facts,  as  outlined  above,  or  by  means  of  a_ 
speculation  im  to  the  probable  cause  of  the  phenomena  in  question. 
Such  a  speculation  in  regard  to  the  cause  of  a  phenomenon  is 
called  an  hypothesis. 

After  an  hypothesis  has  been  subjected  to  the  test  of  experiments 
and  has  been  shown  to  apply  to  a  lai^e  number  of  closely  related 
phenomena  it  is  termed  a  theory. 

in  his  address  to  the  British  Association  (Dundee,  1912),  Profes- 
sor Senier  has  this  to  say:  "While  the  method  of  discovery  in  chem- 
istry may  l)e  described  generally,  as  iinluctive,  still  all  the  modes  of 
inference  which  have  come  down  to  us  from  Aristotle,  analogical, 
inductive,  and  deductive,  ore  freely  used.  An  hypothesis  is  framed 
which  is  then  tested,  directly  or  indirectly,  by  observation  and 
cxperinH^nt.  All  the  skill,  and  all  the  resource  the  inquirer  can 
command,  arc  brought  into  his  ser\'ice;  his  work  must  be  accurate; 
and  with  unqualified  devotion  to  truth  he  abides  by  the  result, 
and  th<;  hypothesis  is  established,  and  becomes  a  part  of  the 
theory  of  science,  or  is  rejected  or  modified." 

Elements  and  Compounds.  AU  definite  chemical  substances 
are  divided  into  two  classes,  elenietits  and  compounds. 

Robert  Boyle  was  the  first  to  make  this  distinction.  He  de- 
fined an  element  as  a  substance  which  is  incapable  of  resolution 
into  anything  simpler.  The  substances  formed  by  the  chemical 
combination  of  two  or  more  elements  he  termed  chemical  com- 
pounds. This  definition  of  an  element  as  given  by  Boyle  was 
later  proposed  by  Lavoisier  and,  notwithstanding  the  vast  accumu- 
lation of  scientific  knowledge  since  their  time,  the  definition  re- 
mains very  satisfactory  today. 

At  the  present  time  we  have  a  group  of  about  eiglity  substances 
which  have  resisted  all  efforts  to  decompose  them  into  simpler 
substances.  Tliese  are  the  so-called  chemical  elements.  It 
should  \w  l)ome  in  niind,  however,  that  because  we  have  failed  to 
resolve  these  8ul>stances  into  suupler  forms  of  matter,  we  are  not 
warranted  in  manataining  that  such  resolution  may  not  be  effected 
in  the  future. 

Becent  investigations  of  the  radioactive  elements  have  shown 
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that  they  are  continuously  underf^ing  a  acriee  of  transfonn&tions, 
QOeof  thfi  products  of  which  is  thn  inactive  dement  helium.     This 
behavior  is  contrary  to  the  old  view  that  transformation  of  one 
doMat  into  another  is  impossible.     At  first  the  attempt  was 
made  to  explain  it  by  assuming  that  the  radioactive  element  was 
I  compound  of  helium  with  another  element,  but  since  the  radio- 
Mtive  elements  possess  all   of  the  properties  characteristic  of 
dements  as  distinguished  from  compounds,  and  find  appropriate 
pbcesin  the  periodic  table  of  Mendcl^fF,  the  "compound  theory" 
must  be  abandoned.     Uranium  and  thorium,  the  heuviest  ele- 
ments known,  appear  to  be  xmdcrgoing  a  process  of  spontaneous 
disintegration  over  which  we  have  no  control.     The  products 
of  this  disinlt.'gration  have  filled  the  gap  in  the  periodic  table 
between  thorimn  and  lead  with  about  thirty  new  elements,  each 
of  which  is  Id  turn  undergoing  transformations  similar  to  those 
of  the  parent  elojiients.     Professor  Suddy  *  says:    "In  spite  of 
the  existence  at  one  time  of  a  vague  be^lief  (  a  belief  which  has  no 
foundation),  that  all  matter  may  Ije  to  a  certain  extent  radioactive, 
just  as  all  matter  is  believed  to  be  to  a  (r<>rtain  extent  magnetie,  it 
is  reoognhced  today  that  raxUoactivity  is  an  exceedingly  rare  prop- 
erty of  matter." 

Notwitl islanding  these  remarkable  discoveries,  we  may  still  hold 
to  the  idea  of  an  element  as  suggfsted  by  Boyle  and  Lavoiwier. 
Professor  Walker  says:  "The  elements  fonn  a  grouj)  of  substances, 
singular  not  only  with  respect  to  the  resi.-stanee  which  tliey  offer 
to  decomposition,  but  also  witli  resix^et  to  certain  regularities  dis- 
played by  them  and  not  shared  by  sul>8tauce.s  which  are  designated 
as  compoumls. " 

Law  of  the  Conservation  of  Mass.  In  1774,  as  the  result  of 
ft  series  of  experiment's,  Lavoisier  (^ttthlished  the  law  of  the  con- 
servation of  mass  which  may  l)e  stated  as  follows:  In  a  chemical 
rtaetion  the  total  maa»  of  the  reacting  tnthMances  is  equal  lo  the  total 
moM  of  the  products  of  the  reaction.  It  is  sometimes  stated  thus:  — 
the  total  mass  of  the  universe  is  a  constant;  but  this  form  of  state- 
ment is  open  to  the  obj^tion  that  we  have  no  means  of  verification; 
it  is  a  statement  of  a  fact  which  transcends  our  experience. 
*  Chemistry  of  the  Radio-Elemento,  p.  2. 
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Tlie  law  of  the  conservation  of  mass  has  been  subjected  to  mosi 
rigid  investigation  by  Landolt  *  in  a  series  of  experiments  extend- 
ing over  a  period  of  fifteen  years. 

The  reacting  substances,  AB  and  CD, 
were  placed  in  the  two  arms  of  the  in- 
verted U-tube  shown  in  Fig.  1  which  waa 
then  sealed  at  S  and  the  whole  weighed 
upon  an  extremely  sensitive  balance.  The 
vessel  was  then  inverted  when  the  following 
reaction  took  place:  — 

AB-^CD~*AD-^CB. 

When  the  reaction  wa«  eoinplete  and 
ficicnt  time  had  elapsed  to  allow  the  w 
to  return  to  its  original  volume  (this  some- 
tunes  required  nearly  thrt?e  wet^ks),  it  was 
weighed  again  using  every  precaution  to 
avoid  errors  and  any  gain  or  loss  in  weight 
note*l. 

Landolt  concluded  from  the  thirty  or  more  reactions  which  he 
studied  that  the  gain  or  loss  in  weight  waH  less  than  one  ten- 
rnitlidnth  of  thr  total  weiKht.t 

Law  of  Definite  Proportions.  The  enunciation  of  the  law  of 
the  conservation  of  mass  and  thn  introduction  of  the  balance  into 
the  chemical  laboratory  marked  the  begmning  of  a  new  era  in  the 
history  of  chemistry,  —  the  era  of  quantitative  chemi8tr>'.  As 
the  result  of  painstakii^  experimental  work,  Ricliter  and  Proust 
annoimced  the  law  of  definite  proportions  about  the  beginning 
of  the  nineteenth  century.  This  law  may  be  expressed  thus: 
A  definite  chemical  compound  always  contains  the  same  elemenla 
unikd  in  the  same  proportion  by  xceighL 

Shortly  after  the  enunciation  of  this  law  its  truth  was  questioned 
by  the  French  chemist  Berthollet.t    From  the  results  of  a  seriee 


Fig.1. 


♦  Zeit.  pliya.  chera.,  12,  1  (1893);  55.  689  (1906). 

t  An  excellent  nummary  rtf  this  iinrtorUnt  invcetigatioQ  will  be  found  in 
(Journal  do  Chimic  physique,  6,  5!i5  (1908).  • 
Es&i  do  Btalique  chiauque  (1803). 


FONDAMENTAL  PRINCIPLES 


of  brilliant  experiments,  he  became  convinced  that  chemical  reac- 
tions are  largely  controlled  by  the  relative  aniount-s  of  the  react- 
ing substances.  As  we  shall  sec  later,  he  really  foresJuuiowed  the 
work  of  Guldberg  and  Waage  who  were  the  first  to  correctly  for- 
mulate the  influence  of  mass  on  a  chemical  reaction.  Berthollet 
argued  that  when  two  elements  unite  to  form  a  compound,  the 
proportion  of  one  of  the  elements  in  the  compound  is  conditioned 
Boleiy  by  the  amount  of  that  element  which  is  available.  This 
led  to  the  celebrated  controversy  between  Berthollet  and  Proust 
which  finally  resulted  in  the  establishment  of  the  latter's  original 
statement.  Subsequent  investigation  has  only  strengthened  our 
faith  in  the  law  of  definite  proportions. 

Law  of  Multiple  Proportions.  Elements  are  knonm  to  unite 
in  more  than  one  proportion  by  weight.  Dalton  analyzed  the 
two  compounds  of  carbon  and  hydrogen,  methane  and  ethylene, 
and  foimd  that  the  ratio  of  the  weights  of  carbon  to  hydrogen  in 
the  former  was  0 : 2  while  in  the  latter  it  was  6:1.  That  is,  for  the 
same  weight  of  carbon,  the  weights  of  the  hydrogen  in  the  two 
compounds  were  in  the  ratio  2:1. 

large  number  of  compounds  were  examined  and  similar 
aple  ratios  between  the  masses  of  the  constituent  elements 
were  found.  As  a  result  of  these  observations,  Dalton  *  formu- 
lated in  1808  the  law  of  multiple  proportions,  as  follows:  When 
two  eUments  unite  in  more  tfian  one  proportion,  for  a  Jixed  ttmss  of 
one  element  tlie  ma&ses  of  (he  other  element  bear  to  each  other  a  simple 
ratio.  Notwithstanding  the  fact  that  Dalton  was  a  careless 
experimenter  the  subsequent  investigations  of  Marignac  and 
others  have  established  the  vaHdity  of  his  law. 

Lew  of  Combining  Proportions.  Dalton  pointed  out  that  it  is 
pofiBtble  to  assign  to  evcrj*  element  a  definite  relative  weight  with 
which  it  enters  into  chemical  combination.  He  observed  that 
the  weights  or  simple  multiples  of  the  weights  of  the  different 
elccnents  which  unite  with  a  given  weight  of  a  defimte  element, 
represent  the  weights  of  the  different  elements  which  combine 
with  each  other.  The  weights  of  the  elements  which  combine 
with  each  other  are  termed  their  combining  weights.  This  com* 
*  A  New  System  of  Cbemkal  Pbiloeophy  (1806). 


d 


THKORETICAL  CHEMISTRY 

prehensive  law  of  chemical  combination  may  be  stated  as  foUows: 
Elements  combine  in  the  ralio  of  their  combinivg  weights  or  in 
simple  multiples  of  (Aw  Toiio.  It  will  be  observed  that  this  law 
really  includes  the  law  of  definite  and  the  law  of  multiple  pro- 
portions. 

If  we  assume  the  combining  weight  of  hydrogen  t<j  be  unity, 
the  combining  weights  of  chlorine,  oxygen  and  sulphur  will  be 
35.5,  8  and  16  respectively.  These  nmnbers  represent  the  ratios 
in  which  the  elements  substitute  each  other  in  chemical  com- 
pounds. Hydrochloric  acid,  for  example,  contains  35.5  parts  by 
wei^t  of  chlorine  to  1  part  by  weight  of  hydrogen  and  when 
ox^cn  is  substituted  for  ciiloriue,  forming  water,  llie  new  com- 
pound contains  8  parts  by  weight  of  oxygen  to  1  part-  by  weight 
of  hydrogen.  Similarly,  if  the  ox>gen  be  substituted  by  sulphur, 
forming  hydrogen  sulphide,  there  will  be  found  16  part«  by  weiglit 
of  sulphur  to  1  part  by  weight  of  hydrogen.  We  may  say,  then, 
that  35.5  parts  of  chlorine,  8  parts  of  oxygen  and  16  parts  of  sul- 
phur are  equivalent. 

A  chemical  equivalent  may  be  defined  as  the  weight  of  an  element 
which  is  neces8ar>'  to  combine  with  or  displace  1  paxt  by  weight 
of  hydrogen. 

The  Atomic  Theory.  In  very  early  times  two  different  views 
were  entertained  by  opposing  schools  of  Greek  philosophers  as  to 
the  mechanical  constitution  of  matter.  According  to  the  school 
of  Plato  and  Aristotle,  matter  was  thought  to  be  continuous 
within  the  space  it  appears  to  fill  and  to  be  capable  of  indefinite 
subdivision.  According  to  the  other  school,  first  taught  by 
Leucippus,  and  afterwards  by  Democritus  and  Epicurus,  matter 
was  considered  to  be  made  up  of  primordial,  extremely  minute 
particles,  distinct  and  separable  from  each  other  but  in  themselves 
incapable  of  division.  These  ultimate  particles  were  called  atoms 
(^Sroftot),  signifying  something  indivisible.  Wliile  the  Aristote- 
lian doctrine  held  sway  for  many  centuries  yet  the  notion  of  atoms 
was  revived  at  intervals.  Late  in  the  seventeenth  i;entury,  Boyle 
seems  to  have  looked  upon  chemical  combination  as  the  result  of 
atomic  associatitm. 

Guided  by  these  early  speculcCtions  as  to  the  constitution  of 
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matter  and  influenced  by  his  Btudy  of  the  writings  of  Sir  Isaac 
Nenrton,  Dalton  seems  to  have  fonued  a  mental  picture  of  the 
part  played  By  atoms  in  the  act  of  chemical  combination.  After 
a  few  carelessly  performed  experiments,  the  results  of  which  ac- 
corded with  his  preconceix'ed  ideas,  he  formulated  his  atomic 
tbeor>'. 

According  to  this  theory  matter  is  composed  of  extremely  mi- 
nute, indivisible  particles  or  atoms.  Atoms  of  the  same  element 
are  all  of  equal  weight,  but  atoms  of  different  elements  have 
weights  proportional  to  their  combining  numbers.  Chemical 
compounds  are  formed  by  the  union  of  atoms  of  different  kinds. 
This  theory  offers  a  simple,  rational  explanation  of  the  laws  of 
chemical  combination. 

Since  a  chemical  compound  results  from  the  union  of  atoms, 
each  of  which  has  a  definite  weigfit,  its  composition  must  be  in- 
variable, —  which  is  the  law  of  definite  proi>ortions.  Again, 
when  atoms  combine  in  more  than  one  proportion,  for  a  fixed 
weight  of  atoms  of  one  kind,  the  weights  of  the  other  species  of 
atoms  must  bear  to  each  other  a  simple  ratio,  since  the  atoms  are 
indivisible  units.    This  is  clearly  the  law  of  multiple  proportions. 

Finally,  the  law  of  combining  weights  is  seen  to  follow  as  a 
j  necessary  consequence  of  the  atomic  theory,  since  the  experimen- 
'  telly  determined  combining  weights  bear  a  simple  relation  to  the 
relative  weights  of  the  atoms. 

At  the  time  when  Dulton  proposed  his  atomic  theory,  th^ 
number  of  facts  to  be  explained  was  comparatively  small,  but 
with  the  enormous  growth  of  the  science  of  chemistry  during  the 
past  century  and  with  tlie  vast  accumulation  of  data,  the  theorj* 
has  proved  capable  of  affording  adequate  representation  of  all  of 
the  facts,  and  has  opened  the  way  to  many  important  generaliza- 
tions. 4 

While  the  atomic  theory  has  played  a  venjt  important  part  in  the 
development  of  modem  chemistry,  and  while  we  recognize  that  it 
helps  to  clarify  our  thinking  and  enables  us  to  construct  a  mental 
image  of  tiny  spheres  unitiug  to  form  a  chemical  compound,  yet  we 
must  not  forget  the  fact  that  these  atoms  are  purely  hypothetical. 

Faraday  has  said:  "Whether  matter  be  atomic  or  not,  this 
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much  is  certain,  that  grunting  it  to  be  atomic,  it  would  appear 
as  it  now  docs."  Ostwahi  bcIieveB  that  in  the  not  distant  future 
the  atomic  theory  will  be  abandoned  and  chemists  will  free  them- 
selves from  the  yoke  of  this  hjTJothesis,  relying  solely  upon  the 
results  of  experiment.  He  says:  "It  seems  as  if  the  adaptabil- 
ity of  the  atomic  hypothesis  is  near  exhaustion,  and  it  is  wcU 
to  realize  that,  according  to  the  lesson  repeatedly  taught  by  the 
histor>'  of  pcience,  surh  an  end  is  sooner  or  later  inevitable." 

Combining  Weights  and  Atomic  Weights.  The  problem  of 
determining  the  relative  atomic  weights  of  the  elements  would  at 
first  sight  appear  to  be  a  vcrj'^  simple  matter.  Tliis  might  appar- 
ently be  ftccoinpliehed  by  selecting  one  element,  say  hydrogen, 
it  being  the  lightest  known  element,  as  the  standard;  a  compound 
of  hyd.o^en  iind  another  element  may  then  Iw  analyzed  and  the 
amount  of  the  other  element  in  combination  with  one  part  by 
weight  of  hydrogen  determined.  This  weight  will  be  its  atomic 
weight  07ily  when  the  compound  contains  but  one  atom  of  each 
element.  To  determine  the  relative  atojnie  weight,  therefore,  we 
must  know  in  addition  to  the  chemical  equivalent  of  the  element, 
the  number  of  atoms  present  in  the  compound.  For  example,  the 
analysis  of  water  shows  it  to  contain  8  parts  by  weight  of  oxygen 
to  I  part  by  weight  of  hydrogen;  the  chemical  equivalent  of 
oxygen  is,  therefore,  8,  and  if  water  contained  but  one  atom  of 
hydrogen  the  atomic  weight  of  oxygen  would  be  8.  It  can  be 
ghown,  however,  that  water  rontaiiLS  two  atoms  of  hydrogen 
and  one  atom  of  oxygen,  therefore,  the  atomic  weight  of  oxygen 
must  be  16.  It  is  evident,  therefore,  that  neither  the  analysis  nor 
the  synthesis  of  a  comjwund  is  sufficient  to  enable  us  to  determine 
the  number  of  atoms  of  an  element  combined  with  one  atom  of 
hydrogen.  We  shall  proceed  to  the  consideration  of  the  methods 
by  which  this  problem  may  be  solved. 

Gay-Lussac's  Law  of  Volumes.  Gay-Lussac  in  1808,  while 
stijdying  the  deiLsities  of  gases  before  and  after  reaction,  announced 
the  following  law:  When  gases  combine  they  do  so  in  simple  ratios  ■ 
by  poluvie,  and  the  volume  of  the  gaseous  produei  beam  a  simple 
rati/t  to  the  volvrties  of  the  reading  gases  when  measured  under  like 
conditions  of  temperalure  and  pressure.    Thus,  one  volume  of  hydro- 
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gra  coixibines  with  one  volume  of  chlorine  to  form  two  volumes 
of  hydrochlorif  nuld;  one  volume  of  oxygen  combines  with  two 
volumes  of  hydrogen  to  fonii  two  volumes  of  water  (vapor) ;  and 
one  volume  of  nitrogen  combines  with  tliree  volumes  of  Iiydrogi-n 
to  form  two  volumes  of  ammonia. 

In  a  previous  investigation,  Gay-Lussae  had  shown  that  all  ga^ea 
behave  identirnlly  when  subjected  to  changes  of  temperature  and 
pressure.  This  fact,  taken  together  with  the  simple  volumetric 
relation  juist  enunciatal  and  the  atomic  theory,  suggested  a  possible 
relation  tietween  the  number  of  ultimate  particles  in  equal  vol- 
umes of  different  ga^cs. 

Berzelius  attt'iiiptcd  to  show  tiiat  under  corresponding  condi- 
tions of  temperature  and  pressure,  equal  volumes  of  different 
gases  contain  the  same  nmuber  of  atoms,  but  he  was  compelled 
to  abandon  the  assumption  as  untenable. 

Avogadro's  Hypothesis.  It  remained  for  the  Italian  phyaicist, 
Avogadro,*  in  I8U,  to  point  out  the  distinction  between  atoms 
and  molecules,  terms  which  had  been  used  aUnost  synonymously 
up  to  bis  time.  He  defined  the  atom  as  the  smallest  particle 
which  can  enter  into  chemical  combination,  whereas  the  molecule 
b  the  smallest  portion  of  matter  which  can  exist  in  a  free  state. 
He  then  formulated  the  following  hj'pothesisit  Under  ihe  same 
conditions  of  temperahtre  and  pressure,  equal  volumes  of  all  gasett 
etmtain  the  same  mimher  of  moUniles.  This  hypothesis  has  been 
subjected  to  such  rigid  experimental  and  mathematical  teets  that 
its  validity  cannot  he  qucstioncil. 

Avogadro*s  Hypothesis  and  Molecular  Weights.  Accurding 
to  Gay-Lussac  when  hydrogen  and  chlorine  combine  to  form  hydro- 
chloric acid,  one  volume  of  hydrogen  tniites  with  one  volume  of 
chlorine  yielding  two  volumes  of  hydrochloric  arid. 

According  to  the  hypothesis  of  Avogadro,  the  number  of  mole- 
rules  of  hydrochloric  acid  is  double  the  number  of  molecules  of 
hydrogen  or  of  chlorine,  and,  consequently,  each  molecule  of  the 
reacting  gases  must  contain  at  least  two  atoms.  If  we  take 
hydrogen  as  the  unit  of  our  a>"ste-m  of  atomic  weights,  its  molec- 

•  Jour,  de  Phyfi..  73,  ^  flSH)- 

t  Ampere  advanced  nearly  th«  same  hypolhceiB  ia  1314. 


1 


4 


THEORETICAL  CHEMISTRY 


ular  weight  must  be  2.  It  is  convenient  to  express  molecular 
and  atomic  weights  in  terms  of  the  same  unit,  for  then  the  molec- 
ular weight  of  a  substance  will  be  simply  the  sum  of  the  weights 
of  the  atoms  contained  in  the  molecule.  The  determination  of 
the  approximate^  molecular  weight  of  a  substance,  therefore,  re- 
ttolves  itself  into  ascertaining  the  mass  of  itH  vapor  in  grams  which, 
under  the  same  conditions  of  temperature  and  pressure,  will 
occupy  the  same  volume  as  2^ams  of  hydrogen. 

This  weight  is  called  the  gram-nioleailar  weight  or  the  molar 
weight  of  the  substance,  while  the  corresponding  volume  Is  known 
as  the  gram-violecular  or  molar  volmm.  It  is  nearly  the  same  for 
all  gases  and  at  0°  and  7G0  mm.  it  may  be  taken  equal  to  22.4 
liters.  The  molecular  weights  obtained  from  vapor  density  meas- 
urements arc  approximate  only,  because  of  the  failure  of  most 
gases  and  vapors  to  obey  the  simple  gas  laws,  a  condition  essen- 
tial to  the  strict  applicability  of  AvogaUro's  hypotliesis. 

Atomic  Weights  from  Molecular  Weights*  While  vapor 
density'  determinations  as  ordinarily  carried  out  do  not  give  exact 
molecular  weights,  it  is  an  easy  matter  to  arrive  at  the  true  values 
when  wc  take  into  consideration  the  results  of  chemical  analysis. 
It  is  apparent  that  the  true  molecular  weight  must  be  the  sum  of 
the  weights  of  the  constituent  elements,  these  weights  being  exact 
multiples  or  submultiples  of  their  combining  proportions,  which 
proportions  have  been  determined  by  analysis  alone.  Wc  select, 
as  the  true  molecular  weight,  the  value  which  is  nearest  to  the 
approximate  molecular  weiglit  calculated  from  the  vapor  density 
of  the  substance.  For  example,  the  molecular  weight  of  ammonia, 
as  computed  from  its  vapor  density,  is  17.5  or,  in  other  words, 
17.5  graras  of  ammonia  occupy  the  same  volume  as  2  grams  of 
hydrogen,  measured  under  the  same  conditions  of  temperature 
and  pressure.  The  analysis  of  ammonia  shows  us  that  for  every 
gram  of  hydrogen,  there  are  present  4.67  grams  of  nitrogen. 
Hence  the  true  molecular  weiglit  must  contain  a  multiple  (}f  I  gram 
of  hydrogen  and  the  same  multiple  of  4.67  grams  of  nitrogen. 
The  problem  is,  to  find  what  integral  value  must  be  assigned  to 
X  in  the  expression,  x  (1  -f  4.67),  in  order  that  it  may  give  the 
cloeest  approximation  to  17.5.     Clearly  if  i  =  3  the  value  of  the 
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fXpressioQ  becomes  17,  and  this  we  take  t-o  be  the  true  molecular 
weight.     This  gives  3  X  4.67  =  14  as  the  probable  aUtniic  weight 
of  nitrogen.     1  o  decide  whether  the  atomic  weight  of  nitrogen  is 
a  multiple  or  a  submultiple  of  14,  w^e  must  dcterniine  the  molecu- 
lar weights  of  a  large  number  of  gaseous  or  vaporizuble  compounds      • 
of  nitrogen  and  select  as  the  atomic  weight  the  smal!e«t  quantity 
of  the  element  which  is  present  in  any  one  of  them. 

The  following  table  gives  a  list  of  seven  gaseous  compounds  of 
nitrogen   together  with  their  gram-molecular  weights,  and   the 
number  of  grains  of  the  element  in  the  gram-molecule. 

Cocnpuuncl. 

Ccn. 

17 
30 
46 
77 

61.5 

44 

52 

14 
14 
14 
14 

14 
28 
2S 

Cyanogen 

1 

It  will  be  observed  that  the  least  weight  of  nitrogen  entering      1 
into  a  gram-molecular  weight  of  any  of  these  compounds  is  14      J 
grams,  and,  therefore,  we  accept  this  value  as  the  atomic  weight      J 
of  the  element,  although  there  is  still  a  very  slight  chance  that 
in  some  other  compound  of  nitrogen  a  smaller  weight  of  the  ele- 
ment may  be  found.    We  shall  proceed  to  point  out  that  there 
are  methods  by  which  the  probable  values  of  the  atomic  weights 
may  be  checked. 

Specific  Heat  and  Atomic  Weight.     In  1819  the  French  chem- 
ists, Dulong  and  Petit,*  pointed  out  a  very  simple  relation  between 
the  specific  heats  of  the  elements  in  the  solid  state  and  their 
aUrniic  weights.    This  relation,  known  as  the  law  of  Dulong  and       i 
Petit,  is  as  follows:    The  product  of  the  specific  heat  cmd  the  atomic 
weight  of  the  soOd  elemeut^  is  constant.     The  value  of  this  constant,       | 
called  the  atomic  had,  is  approximately  6.4.     A  little  reflection 
will  show  that  an  alternative  statement  of  this  law  is  that  the 

*  Aao.  Chini.  Phys.,  lo,  395  (1819). 
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atoms  of  Uie  elements  in  the  sulid  state  fiave  Uie  same  thermal  capac- 
ity. Tlie  siWL'ific  heats,  atomic  weights  and  atomic  heata  of 
several  elenieuts  art*  giveu  in  the  subjoinetl  t4ible. 


KlatuMtt. 

At.  Wl 

S^Bt. 

At.  Hi. 

7 
9 

n 

12 
23 
28 
30 
40 
56 
63 
65 
108 

no 

107 

200 

O.MO 
0,410 
0  2G0 
0  140' 
0  290 
0  160 
0  166 
0  170 
0112 
0,003 
0  063 
0  056 
0  054 
0  032 
0.032 

6.6 
3.7 

2.8 

Curboii  [liitiiiiuiic])    

Silicon  (cryatftlluie) 

1.7. 

6.7 
4.5 
6.5 

0.8 

6.3 

5M 

6.1 

Tin 

6.0 
6.5 

<M,l<i 

6.3 

6.4 

It  is  truly  remarkable  that  elements  differing  as  greatly  as 
lithium  and  mercurj-  differ,  not  only  in  atomic  weight  but  in 
other  properties  as  well,  s:hould  have  identical  atomic  heat*.  It 
will  be  oh.st!r\'ed  that  the  atomic  he^its  of  boron,  silicon,  carlxjn 
and  glucinum  are  too  low.  This  departure  from  the  law  of  Dulong 
and  Petit  is  more  apparent  than  real,  for  in  the  statement  of  the 
law  there  is  no  .specification  as  to  the  temperatur*-  at  which  the 
specific  heat  should  be  determined.  The  specific  heats  of  all 
solids  var>-  with  the  temperature,  this  variation  being  greatt^r  in 
llir  case  of  some  elements  than  in  that  of  others.  It  has  been 
shown  thnt  the  specific  heats  of  the  above  four  elements  increase 
rapidly  with  ri.se  of  temperature  and  approjich  limiting  values. 
As  th<"S<'  values  are  approached  the  i>r(xiuct  of  sjM'cific  heat  and 
atomic  weight  approximates  more  and  more  closely  to  the  mean 
value  of  the  cf)n.stant,  6.4. 

The  following  table  givc«  the  values  obtained  by  Weber  *  for 
carlx>n  and  silicon. 

•  Pogg.  Ann.,  154,  3fi7  (1876). 
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CARBON  (DIAMOND). 

TampflntuTfl, 
dacran. 

Sp.  Ut. 

ALHt. 

-60 

0.0635 

0.76 

+10 

0.1128 

1.35 

85 

0.1765 

2.12 

206 

0.2733 

3.28 

607 

0.4408 

5.30 

806 

0.4489 

5.40 

085 

0.4589 

5.50 

CARBON   (GRAPHITE). 


TempwBturs, 
devraea. 

Sp.  Ut. 

At.  Ht. 

-50 

0.1135*.  ' 

1.37,% 

+10 

0.1604 

1.93 

61 

0.1990 

2.39 

202  ■ 

0.2966 

3.56 

642 

0.4454 

6.35 

822 

0.4539 

5.45 

978 

0.4670 

5.50 

SILICON. 


Temperature, 
degnea. 

Sp.  Ht. 

At.  Ht. 

-40 

+57 

129 

232 

0.136 
0.183 
0.196 
0.203 

3.81 
5.13 
5  50 
5.63 

It  is  evident  that  this  empirical  relation  can  be  used  to  deter- 
ine  the  approximate  atomic  weight  of  an  element  when  its 
)ecific  heat  is  known,  thus 

atomic  weight  =  ^t,--- r — r* 

specinc  heat 

he  law  of  Dulong  and  Petit  has  been  of  great  service  in  fixing 
id  cliecking  atomic  weights. 

About  twenty  years  after  the  law  of  Dulong  ami  Petit  was 
irmulated,  Neumann  *  showed  that  a  similar  relation  holds  for 
*  Pogg.  Ann.,  23.  1  (1831). 
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compounds  of  the  same  general  chemical  character.  Neunianra.* 
law  may  be  stated  thus:  Similarly  consiHided  compounds  m  t/t. 
solid  state  hw^e  Ike  satw  molecular  heal.  Subsequently  Kopp  ' 
pointed  out  that  the  Uiermcd  capacity  of  the  atom:}  i>  not  appreciablt/ 
altered  when  they  enter  into  chemical  combination,  or  in  other  words, 
tbc  molecular  heat  of  solid  comijounds  is  an  additive  property, 
being  made  up  of  the  atomic  heats  of  the  constituent  elements. 

For  example,  the  specific  heat  of  PbBra  is  CDS'!  and  its  molec- 
ular weight  is  366.8,  therefore,  the  molecular  heat  is  0.054  X  3G6.8 
=  19.9.  Since  there  arc  three  atoms  in  the  molecule,  19.9  -^  3 
=  6.6  is  their  average  atomic  heat,  a  value  in  excellent  agree- 
ment with  the  constant  in  the  law  of  Dulong  and  Petit.  Neu- 
mann's law  may  be  usctl  to  e-stiniate  the  atomic  heats  of  elements 
which  cannot  be  readily  investigated  in  the  solid  state.  The 
following  table  gives  a  list  of  atomic  heats  of  elements  in  the  solid 
state  derived  by  means  of  Neumami's  law. 


Elomaat. 

Al.Ht. 

£  lenient. 

At.  Ht. 

2,3 
4.0 
5.0 
5  5 

1.8 

4.0 

FtuorJDe 

5  4 

Nitrogen 

Snlpliur 

5.4 

* 

Isomorphism.  From  a  study  of  the  corresponding  salts 
phosphoric  and  arsenic  acids,  Mitscherlich  f  (ibservwl  that  they 
crystallize  with  the  same  number  of  molecules  of  water  and  are 
nearly  identical  in  cr>'stalline  form,  it  being  possible  t-o  obtain 
mixed  crystals  from  solutions  containing  both  .salts.  This  sug- 
gested to  Mitscherlich  a  line  of  investigation  which  resulted,  in 
1820,  in  the  establishment  of  the  law  of  isomori)hism  which  bears 
his  name. 

This  law  may  be  stated  as  follows:  An  equal  nunibcr  of  atoms 
combined  in  the  same  manner  yield  the  same  cryntal  form,  which  is 
independent  of  the  chemical  nature  of  the  atoms  and  dependent  upon 
their  number  and  position.    Thus,  when  one  element   replaces 

•  Lieb.  Ann.  (1S54),  8uppl„  3.  5. 

t  Ado.  Chim.  Phyy.  (2),  14,  172  (1820). 
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another  in  a  compound  without  changing  its  crystalline  form, 
Mitscherlich  assumed  that  one  element  has  displaced  the  other, 
atom  for  atom.  For  example,  having  two  isomorphous  substances, 
such  as  BaCU.2  HiO  and  BaBrs.2  H3O,  we  assume  that  the  brom- 
ine in  the  second  compound  has  replaced  the  chlorine  in  the  first 
and,  if  the  atomic  weights  of  all  of  the  elements  in  the  first  com- 
pound are  known,  then  it  is  evident  that  the  atomic  weight  of  the 
bromine  in  the  second  compound  can  be  easily  calculated.  This 
method  was  largely  used  by  Berzelius  in  fixing  atomic  weights  and 
in  checking  the  values  obtained  by  the  volumetric  method.  It 
should  be  remembered  that  the  converse  of  the  law  of  isomorphism 
does  not  hold,  since  elements  may  replace  each  other,  atom  for 
atom,  without  preserving  the  same  form  of  crystallization.  Many 
exceptions  to  the  law  have  been  pointed  out.  For  example, 
Mitscherlich  himself  showed  that  Na3S04  and  BaMnsOg  are  iso- 
morphous and  yet  the  two  molecules  do  not  contain  the  same 
number  of  atoms.  Furthermore,  careful  measurements  of  the 
interfacial  angles  of  crystals  have  revealed  the  fact  that  sub- 
stances which  have  been  regarded  as  isomorphous  are  only  approx- 
imately so,  thus  the  interfacial  angles  of  the  apparently  isomorph- 
ous ciyatalline  salts  given  in  the  following  table  differ  appreciably. 


Sdt. 

Interfacial  Angl«. 

MgS04.7  H,0 
ZnSO^.T  H,0 
Ni804.7  H,0 

89"  26' 
88"  53' 
88"  56' 

Ostwald  has  su^ested  that  the  term  homeomorphous  be  applied  to 
designate  substances  which  have  nearly  identical  form.  At  best 
the  principle  of  isomorphism  is  only  an  approximation  and  should 
be  employed  with  caution. 

Valence.  During  the  latter  half  of  the  nineteenth  century 
the  usefulness  of  the  atomic  theory  was  greatly  enhanced  by  the 
introduction  of  certain  assumptions  concerning  the  combining 
power  of  the  atoms.  These  assumptions,  constituting  the  so- 
called  doctrine  of  valence,  were  forced  upon  chemists  in  order 
that  a  satisfactory  explanation  might  be  offered  of  the  p\ieuo\ne;UQ\v 
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of  i;*onii*rism.  A  ^-vas^ultT-ition  oi  the  roaowinji  formulas,  — 
HCl.  li-O.  \Rj.  CH*.  —  show^-?  ::iir  :hr  pj^^r  :■;•  .xcibine  with 
K>\tn*p^  imTVASt^  TCicuiiriy  from  chlorlae.  whi-jh.  combines  with 
h>*,in>:^n.  :i:or.;  for  Atoc:.  to  carlva.  one  i:.:ii:  of  wri-.L  is  capable 
»'£'  vvrib^iir^jC  «"-r.  t'our  itor.:<  ot'  hyjrvc^::.  El;:h'rr  h.ydro«en  or 
t':-/.»^r.r,.f.  »'AvV.  ot'  wr.ioh.  ;*  vi;\al>  ■::'  .'rr  r—--./-  -aritji  but  one 

kino  v^E'  Atoci.  .V::;y  e".t-r.:cr.:  ".:k^^  r.>ir."^z.  .7  ;l!:riL.-f-  U  called 
A  ■fc-'^'i-V''-;  ^l^c:<-ct,  ■srr.trts*  t>:".".t-:?  >:i-,-:_ir  t-.  .1;.  jrer:.  ni'iv^en 
Ar.*;  /irro--  ■ar.:^"!*.  .*.r*.-  *;£.r»s'.  ".v  .:"  o>c... ir-ir-j:  "'".:,".  tt..  -riiTiee  or 

-j.^./fj  fyfci-f^tp  :t'*".v-;t:vi-.v .  \' ■!>:  ^.f;i;Tr.:?  r*r.;-i:x  *o  one  or 
T.v  .'•'Ti:'-^  of  trrf'TSf  tV«r  :.ASft>.  /..;."..'-'iicr.  :  ■-  ■•."■^  ■■:.>■*■,:-  s»fz".r'c7ffrf 
AT.'i  *frr."7.VT<;  !"".c~.v;T.t5  at^:"  kr.v'TTr.  7:.:  'ir-.-^i-r  Sjcti*  ,"-7  lizik- 
AC's  .if  ?::r.;.-t.;ri-  :.-.—: -.i.^.*  ;.r:  rrsr:.;.  r^rvrt-fe-TiriMi*  ^-f  the 
vvj^Tj-if  :>i  i^:c  .*.*ocr,s  .'•or*>:::;;;:T^  :h:  7:. :>:<•:  ^:-      T;.:?  -.iseful  cott- 

<'7T  jf^  ."C  ~  f.7.^    ,'"-""7."  ■;x'>;;7;.i>  -♦i " ."'r".'  "  .'.■;  "•    .',:'." ':    ."■•f'f'T.   "^;>^:  veivd  in 

A108UC  Vejftts.  Ar.i:.r.c  ::.;  r.^-:  :.  ■>:'-:*ir:.:Ti  -l;  i^ipcinjuicc 
t'tf  r'f^-Vir, >  .'.:..ir..?.'  '^;tv•r^  -ov^  :i..  M»-.v::s:.  .■::;-t..is:.  Benelius. 
'?.'  ::»rf^'.v  ■>>■■  ir:.p:>r-.sT!.":-  '.■-  .:■;■■,■..»  ,■:  :.  ■-■.;•!:  .1;  -xitn  ntcamc 
v'-ic*."?-  .'"!.'.  '.  '.>'..'  ?n  ..T!.T: •":.•. IK  '-'•.  '.:t>t.  .if  .ivT^-rr'.TiTTu;  ihe 
.'■■ir;  r-.ri:Tic  T-cicr."*  ■"''  r:!.»si  .•:  ::.■;  ktj.  v-.  -'-.--t-.-T.:*.  Fi"i7  nearly 
s.-\  yf'A>'^  .V!  '.'»-'  i'nc:»frtv.  .7.  j;  •:■--.  r.."^  :•■-.  -.xiu-,  ;M:r.Tv«tion  of 
t  iftTsa  Tjiin  >.•:  o:  .MT^.:v';.n::>  :.-^:.  .■:,>.•..,:.' -.nti  :*!i  cccribining 
■vcurti'i-   :»:    TJ'f'i:    .-•."I'nsliTiii'i.i    :*r;'::':':.*-x    ; ;  .>   ;Mn.7i;;int  ibe  first 

>" ii:iu"'.»i>  ir";>i"ip.".''>  sm.»i  1^:'".':':'.:>  :.:■■;  >.\'T,  fniTJurwi  in 
:ti>  iTi;:i.'>~;:iTi"  v.m-k  niiMiit;.  wh.r:  s!'.*..i.  [y  Tiic7!TKm(»d  Stas, 
^IjiriCTiJic  ^i.»~!i^  Mil.;  yi».-I.:.-.N  i^!,  ;v.  ^  \  ■^'iMT>  s::i;'fi:i,:  srimu- 
U>  ^'f>  c:'*i»r  Ti    siK'l    n.^■l>i;l^;■^, '.tr.N       .'*'.    ? -v:  ^K';':isi,iii  was  in 

art- rTCftTt  niu)"ipio  t*^  »!"  nN"'!-  v\'ii:!  .1  i."  .I-V'T.  Thi  viUues 
4^Alunf4i  b}  Bprzpliift-  wrn  in.Miiuvi.iM.  v  ;l  :h:  i.>7ioTh<^df  rtf 
Iftoot.  ftlihoiifrli  thi  Mr.«in.  \v.')viir>  .»  s.  \>— .  .r  me  Micmflnts 
but  HtH*-  fT<M»-  nitr>;r:i.  \  Mhi.*N       .\    T-i"s;   ilu    :ji*.i'urat^- rf 
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Uiis  hypothesiti,  Stas  undertook  the  det«rmiuatioD  of  the  atomic 
iraghts  of  several  elements  with  a  d^ree  of  accuracy  such  that 
bis  luaxiuium  experiinentai  error  was  less  than  the  dififcrencc 
between  tlie  atomic  weight  found  and  the  nearest  whole  number. 
Thifl  iniportaiit  series  of  investigations  disproved  Prout's  hjisoth- 
eeis  as  originally  stated.  The  second  occasion  when  the  investi- 
ptioD  of  atomic  weights  received  a  special  impulse  was  in  1869 
iriiQi  Mendel^ff  brouglit  forward  the  periodic  classification  of  the 
detnent^.  When  the  elements  were  arranged  in  the  order  of  their 
atomic  weights,  several  of  them  were  found  to  ftUl  in  groups  with 
whirii  Ihi'ir  chemical  and  physical  properties  did  not  correspond, 
ind  Mendel6<'Cf  asserted  that  in  these  eases  the  commonly  accepted 
atonic  weiglits,  were  erroneous.  This  led  to  the  careful  redeter- 
mittatioQ  of  thp  atomic  weights  which  Mendeleeff  had  asserted 
to  be  faulty,  and  in  most  cases  his  pretlictions  were  confirmed. 

iBcotmeclion  with  the  precise  determination  of  atomic  weights, 
fteirork  of  Cannizzaro  in  the  latter  part  of  the  nineteenth  century 
diOQki  be  mentioned.  He  emphasized  the  unportance  of  Avaga- 
dfoV  law  as  the  basis  of  atomic  weight  detemiinations,  imd  drew 
arfiarp  distinction  between  atomic  and  moleeulur  weights,  thus 
Inipng  order  out  of  confusion  and  rendering  possible  the  present 
Qitau  of  atomic  weights.  In  recent  times,  the  most  noteworthy 
ilVcMigatioaa  in  this  field  are  those  of  Morley  on  the  combining 
■Uo  of  hydrogen  and  oxjgen,  and  the  determination  by  T.  W. 
Kcjiirds  and  his  co-workers  of  the  atomic  weights  of  a  lai^ 
vabcr  of  elements. 

btetaational  Atomic  Weights.  Dalton  selected  hydrogen, 
thr  lightest  known  clement,  as  the  unit  of  his  system  of  combin- 
N*cighte  of  the  elements,  but  Berzelius  pointed  out  that  this 
*aan  unwise  choice  since  but  relatively  few  of  the  elements  form 
•tfite  compounds  with  hydrogen.  He  propose<l,  thereiore,  that 
ttygm  8hou]<l  be  taken  as  the  .standard,  a.s.signinK  to  it  the  arbi- 
fc»y  value  100.  This  proposal  of  Berzelius,  to  substitute  ox>'gcn 
■r^rogen  aa  the  unit  of  atomic  weights,  did  not  receive  serious 
■■ideration  until  quite  recently  when  the  International  Com- 
■ittefr  on  Atomic  Weights  took  tiie  matter  up  and,  after  careful 
<*«fibenition,  decided   in   favor  of   the   oxygen  standard.    The 
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1917. 
INTERNATIONAL  ATOMIC  WEIGHTS. 


Aluminium.. 
.Antimony... 

Argon 

ArseDJc  .. . . 

Barium 

Bismuth.. . . 

Boron 

Bromine.. . . 
Cadmium... 

Ce^Bium 

Calcium.... 
Carbon . , .  t  • 

Cerium 

Chlorine... , 
Chromium, , 

Cobalt 

Columbium . 
Copper . .  . 
Dy^rottium 

Krbirun 

Kiinipimn... 

Fluorine 

Gadolinimn. 
G&lliuni.  . . . 
Germanium. 
Ghicinum ,  . 
Gold.,  . 
Helium 
Holmiura. . . 
Hyiiriigen... 

Indiiun 

lodint^ 
Iridium 

Iron 

Krypton.... 
Lanthanum. 

Lead 

Lithium.  . . . 
Lutecium  . 
Mu^oyium . 
Manganese.  ■ 
Mercury 


o=is 

Al 

27.10 

8h 

120.20 

A 

39.88 

An 

74.96 

Ba 

137.37 

Bi 

20S.0O 

B 

11.00 

Br 

70.92 

Cd 

112  40 

Ce 

132  81 

Ca 

40.07 

1 

c; 

12.006 

■ 

Ce 

140.25 

j 

CI 

35.46 

Cr 

52  OU 

1 

Co 

58  97 

Cb 

93.10 

1 

Cu 

KJ  57 

1 

Dv 

Hi2..50 

Kr 

ltt7.70 

Rii 

152  00 

F 

19  00 

Gd 

157.30 

Gii 

m  90 

Ge 

72.50 

1 

(\\ 

0  10 

All 

1(17  20      , 

lie 

400 

Ho 

153  50 

H 

I  008 

In 

114  80 

r 

I2ri  92 

Ir 

lie.  10 

Fc 

55.84 

Kr 

82.92 

U 

130,00 

Fb 

207.20 

Li 

6.IH 

Lu 

175.00 

Mr 

24.32 

Mn 

MM 

Hg 

200  6f) 

Molybdenum 

Neodyraium. 

Neon. 

Nickel 

Nitun  (radium  emanation). 

Nitrogen 

Osmium 

Oxygen 

Palladium 

Phosphorus * 

Platinum 

Potassium 

Praaeodymium — '. 

Radium 

Rliodium 

Rubidium 

Kutheniiim ....,.,.. 

SjirnBrtiitii 

Scandium 

Selenium 

Silicon., ,.,..,. r,. . . 

Silver 

Sodium 

Strontium. 

Sulphur 

Tantalum 

Tellurium 

Terbium 

Thallium 

Thorium , , , . 

Thulium 

Tin 

Titanium 

Tungsten 

Uranium 

Vanadium. 

Xenon 

Ytterbium  (Neoytierbium] 

Vttriimj 

Zinc 

Zirconium 


96.00 
144.30 
20.20 

5S.68 

222.40 

14.01 

190  90 

16.00 

106.70 

31.04 

195.20 

39.10 

140.90 

226  00 

102.00 

85.45 

101.70 

150.40 

44  10 

71J  20 

28  30 

107.88 

23  00 

87.63 

32.06 

181  SO 

127  50 

159  20 

204  00 

232  40 

168  60 

118  70 

48.10 

184.00 

238  20 

51.00 

130.20 

173  50 

88  70 

65.37 

90.60 
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itomic  wd^t  of  oxygea  is  taken  as  16,  and  the  unit  to  which  all 
atunic  weights  are  referred  is  one-sixteenth  of  this  wei^t  The 
atomic  wught  of  hydrogen  on  this  basis  is  1.006.  Aside  from  the 
&et  that  most  of  the  elements  fonu  compounds  with  oxygen  which 
iR  suitable  for  analysis,  the  atomic  wei^ts  of  more  of  the  ele- 
BatB  4>proximate  to  integral  values  when  oxygen  instead  of  hy- 
drogen is  used  as  the  standard. 

Tbe  table  on  page  18  gives  the  values  of  the  atomic  weights 
M  published  l^  the  International  Committee  on  Atomic 
WeJglitB  for  1917. 


CHAPTER  II. 

CLASSIFICATION   OF  THE   ELEMENTS. 


Early  Attempts  at  Classification.  Many  attempts  were  made 
to  classify  the  elements  according  to  various  properties,  such  as 
their  acidic  or  basic  characteristics  or  their  valence.  In  all  of 
these  systems  the  same  elements  frequently  found  a  place  in  more 
than  one  group,  and  elements  bearing  little  resemblance  to  each 
other  were  classed  together.  The  early  attempts  at  classifica- 
tion based  upon  the  atomic  weights  of  the  elements  were  not 
successful  owing  to  the  uncertainty  as  to  the  exact  numerical 
values  of  these  constants. 

Prout's  Hypothesis.  Id  1815,  W.  Prout,  an  English  physician, 
observed  that  the  atomic  weights  of  the  elements,  as  then  given, 
did  not  differ  greatly  from  whole  numbers  when  hydrogen  was 
taken  as  the  standard.  Hence  he  advanced  the  hypothesis  tliat 
the  different  elements  are  polymers  of  hydrogen.  As  has  already 
been  pointed  out  this  hypothesi.s  led  Stas  to  undertake  his  refined 
determinations  of  the  atomic  weights  of  silver,  lithium,  sodiimi, 
potassium,  sulphur,  lead,  nitrogen  and  the  halogens.  As  a  result 
of  his  investigations  he  says:  "I  have  arrived  at  the  absolute 
conviction,  the  complete  certainty,  so  far  as  is  possible  for  a  human 
being  to  attain  to  certainty  in  such  matter,  that  the  law  of  Prout 
is  nothing  but  an  illusion,  a  mere  speculation  definitely  contra- 
dicted by  experience."  Notwithstanding  the  fact  that  Prout's 
hypothesis  as  originally  stated  was  thus  disproved  by  Stas,  it  still 
survived  in  a  modificfl  form  given  to  it  by  J.  B.  Dumas,  who  sug- 
gested that  one-half  of  the  atomic  weight  of  hydrogen  should  be 
taken  as  the  fundamental  unit.  When  Stas  showed  that  his 
experiments  excluded  this  possibility,  Dumas  suggested  that  the 
fundamental  unit  be  taken  as  one-quarter  of  the  atomic  weight 
of  hydrogen.  Having  begun  to  divide  and  subdivide,  there  was  no 
limit  to  the  process,  and  the  hypothesis  fell  into  disfavor,  although 
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the  belief  in  a  primal  element,  something  akin  to  the  protyle 
(tpirji  vKt})  of  the  ancient  philosophers,  has  survived  ^id  in  modem 
times  has  reappeared  in  the  electron  theory. 

DSbereiner's  Triads.  About  1817  J.  W.  Dobereiner*  observed 
tbt  groups  of  three  elements  could  be  selected  from  the  Hst  of  the 
dements,  all  of  which  are  chemically  similar,  and  having  atomic 
weights  such  that  the  atomic  weight  of  the  middle  member  is  the 
srithmetical  mean  of  the  first  and  third  members  of  the  group. 
These  groups  of  three  elements  he  termed  triads.  In  the  following 
table  a  few  of  these  triads  are  given. 


Etemoot. 


Lithium . . . 
Sodium 

Potassium . 

Calcium. . . 

Strontium. 
Barium 

Chlorine . . . 
Bromine. . . 
Iodine 

Sulphur 

Selenium . . 
Tellurium. . 

Phoar^onis 
Arsenic. . . . 
Antimony . . 


80.69 


This  simple  relation,  first  pointed  out  by  Dobereiner,  is  clearly 
a  foreshadowing  of  the  periodic  law. 

The  Helix  of  de  Chancourtois.  The  idea  of  arranging  the 
elements  in  the  order  of  their  atomic  weights  with  a  view  to 
emphasizing  the  relationship  of  their  chemical  and  physical  prop- 
erties, seems  to  have  first  suggested  itself  to  M.  A.  E.  B.  de  Chan- 
courtois t  in  the  year  1862.    On  a  right-circular  cylinder  he  traced 

*  PogR.  Ann.,  IS,  301  (1825). 

t  Vis  Tellurique,  Classement  natural  des  Corps  SimpleB. 
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what  lie  tenned  a  "  telluric  helix"  st  a  constant  anglo  of  45**  to  the 
axis.  l)n  this  curve  he  laid  off  lengths  corresponding  to  the 
atuiutc  weigtitti  of  the  element'*,  taking  as  a  unit  of  measure  a 
length  equal  to  one-sixteenth  of  a  complete  revolution  of  the 
cylinder.  He  then  called  attention  to  the  fact  that  elements  \vith 
analogous  properties  fail  on  vertical  lines  parallel  to  the  generatrix. 
Being  a  matheinatician  and  a  geologist  he  did  not  express  himself 
in  such  tenns  as  would  attract  the  attention  of  chemists  and  con- 
sequently his  work  remained  unnoticed  imtil  recent  times. 
The  Law  of  Octaves.  In  1864  J.  A.  R.  Newlunds*  pointed 
out  that  if  tlie  elements  arc^  arranged  in  the  order  of  their  atomic 
.weights,  the  eighth  element  has  properties  ver>*  similar  to  the 
Ifirst;  the  nmth  to  the  second;  the  tenth  to  the  third;  and  so  on, 
or  to  employ  Newlands'  ovm  words : "  The  eighth  element  starting  from 
a  given  one  is  a  kind  of  repetition  of  Ihefirtit,  like  the  eighth  note  of  an 
octave  in  mmic.'*  This  peculiar  relationship,  termed  by  New- 
lands  the  law  of  odaves,  is  brought  out  in  the  following  table. 


H 

Li 

Gl 

B 

C 

N 

0 

F 

Na 

Mr 

Al 

Si 

P 

.^ 

01 

K 

Ca 

Cr 

Ti 

Mn 

Fe 

I 


Notwithstanding  the  fact  that  its  author  was  ridiculed  and  his 
paper  returned  to  hitn  as  unworthy  of  putilication  in  the  pnweed- 
ings  of  the  CiieiiiJea!  Society,  this  generalizatitm  must  be  regarded 
as  the  immediate  forerunner  of  the  pt^riodic  law. 

The  Periodic  Law.  Quite  independently  of  each  other  and 
apparently  in  ignorance  of  the  work  of  Newlands  and  de  Chan- 
courtois,  Mejidel&ff  t  in  Russia  and  Lothar  Meyer  in  Germany, 
gained  a  far  deejx^r  insight  into  the  relations  existing  between 
the  properties  of  tlie  elements  and  their  atomic  weights.  In  1^9, 
Mendel^ff  wrote:  —  "When  I  arranged  the  elements  accordii^ 
to  the  magnitude  of  their  atomic  welphLs,  begimiing  with  the 
smallest,  it  l>ecame  evident  that  there  exists  a  kind  of  periodicity 


*  Chem.  News,  lo,  04  (ISM).  Ibid.,  xa,  83  (1865). 
t  Licb.  Ann.  Supply  8,  133  C1874). 
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in  their  properties.  I  designate  by  the  name  'periodic  law'  the 
mutual  reltttions  tx'twcen  thf  properties  of  the  elements  and  their 
atomic  weights;  these  relations  are  applicable  to  all  the  eleinejits 
And  have  the  nature  of  a  periodic  Function."  This  important 
generalization  may  ite  briefly  etated  thus:  The  properties  of  the 
I  eLcmeiiln  are  periodic  Junctions  of  their  atomic  weigkta. 
I  The  ori(;imU  table  of  McndeldefF  has  been  amended  and  moditied 
^Uk  new  data  has  aecuiiiutated  ami  now  elements  have  l>een  dis- 
^Kwvered.  The  accompanying  table,  though  containing  several 
I  new  elements  and  an  entirely  new  group,  is  essentially  the  same  as 
that  of  Mendel^eff.  It  consists  of  nine  vertical  columns,  called 
fjToups,  and  twelve  horizontal  rows  termed  series  or  periods.  The 
second  and  third  periods  contain  eight  elements  each,  and  are 
known  as  short  periods,  while  in  the  fourth  scries,  starting  with 
argcjn,  it  is  necessarj'  to  pass  over  eighteen  elements  before  another 
element,  krypton,  is  encountered  which  bears  a  close  resemblance 
to  aj^on:  such  a  series  of  nineteen  elements  is  culled  a  lomj  period. 
The  entire  table  is  comirased  of  two  short  imd  6ve  long  periods, 
the  last  one  being  incomplete.  The  positions  of  the  elements  are 
largely  determined  by  their  cheniiciil  similarity  to  those  in  the 
same  group,  the  h>'phens  indicating  the  positions  of  undiscovered 
elements.  The  elements  in  Group  VIII,  presented  diflnculties 
when  Mendpleeff  attempted  to  place  them  according  to  their 
atomic  weights  and  so  he  was  obligc<l  to  group  them  I)y  themselves. 
This  group  has  wittily  been  designate<l  as  "  the  hospital  for  incur- 
ables." An  examination  of  the  table  shows  that  the  valence  of 
the  elements  t<)ward  ox>'gen  progresses  regularly  from  Group  0, 
oontaining  elements  which  exhibit  no  combining  power,  up  to 
Group  V'ln,  when*  it  attains  a  maximum  value  of  eight  in  the 
case  of  osmium.  The  valence  toward  hydrogen  on  the  other  hand 
increases  regularly  from  Group  VXI  to  Group  IV  in  which  the 
demenU  arc  quadrivalent. 


The  formulas  of  the  typical  oxiden  and  hydrides  of  the  elements 
in  the  several  groups  are  indicated  at  the  top  of  each  vertical 
column  in  the  table,  where  K  denotes  any  element  in  the  group. 
The  valence  of  elements  in  the  long  periods  are  apt  to  be  variable. 
The  elements  in  the  second  series  are  frequently  called  bridge 
dwiCTte,  since  they  bear  a  closer  relation  to  the  elements  in  the 
next  adjacent  group  than  they  do  to  any  other  members  of  the 
same  group  in  succeeding  series.     The  members  of  the  third  series 
are  stylet!  typical  elements,  because  they  exhibit  the  general  prop- 
erties and  characteristics  of  the  group.     Each  group  is  divided  into 
wbuxoups.  the  elements  on  the  rigtit  and  left  sides  of  a  colunm 
forming  fainihes,  the  meml>ers  of  which  arc  more  closely  related 
limn  are  all  of  the  elements  included  within  the  group.     In  other 
words  we  detect  a  kind  of  [leriodieity  within  each  group. 

In  any  given  series  the  element  wth  lowest  atotnic  weight 
pOMessee  the  strongest  basic  character.  Thus  we  find  the  strongly 
hwic,  alkali  metals  on  the  left  aide  of  the  tabic,  while  on  the  right 
ftde  are  the  acidic  elements  such  as  the  liaiogens  and  sulphur. 
Id  fact,  the  strictly  non-metallic  elements  are  confined  to  U»e 
oppnr  right-hand  corner  of  the  table. 

Similarly,  as  we  pass  from  the  top  to  the  bottom  of  the  table, 
w  observe  a  progressive  change  in  the  base-forming  tendency  of 
tlw  dements;  i.e.,  as  the  atomic  weiKht  increases,  the  metallic 
rharacter  of  the  elements  in  each  grouj)  liecotnes  more  pronounced. 
Periodicity  of  Physical  Properties.  Lothar  Meyer,  as  has  been 
pointed  out,  discovered  the  pcriotlic  relutions  of  the  elements  at 
^iKiut  the  same  tune  as  Mendel6efT.  His  table  differed  but  slightly 
frail  that  already  given.  The  most  important  part  of  Meyer's  * 
wwit,  however,  was  in  pointing  out  tliat  various  physical  proper- 
t»B8(rfthe  elements  are  periodic  functions  of  their  atomic  weights. 
He  know  today  that  such  properties  as  specific  gravity,  atomic 
volume,  melting  point,  hardness,  ductility,  compressibility^  ther- 
tftal  conductivity,  coefficient  of  expansion,  specific  refraction,  and 
dectrical  conductivity  are  all  periodic.  When  the  numerical 
^■plueR  of  these  properties  are  plotted  as  ordinates  against  their 
^^Honiic  weights  as  abscissae,  we  obtain  wave-tike  curves  similar  to 
^^H  *  Die  MiHli'Ttmn  Thmricn  dex  Chrtnie. 
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those  shown  in  Fiia:.  2.  The  specific  liaits  of  tlie  eleniente  are  an 
exception  to  the  generiti  rule.  According  to  lh«  kw  of  Dulong  and 
Petit,  the  product  of  specific  heat  and  atomic  weight  is  a  constant, 
and  consequently  the  graphic  representation  of  this  relation  must 
be  an  equilateral  liyperboiii. 

Applications  of  the  Periodic  Law.  Mcndel^ff  pointed  out  the 
four  following  ways  in  whicfi  the  periodic  law  could  be  einployc(3: 
— (I)  The  classification  of  the  elements;  (2)  The  estimation  of  the 


Fig.  2. 


atomic  weights  of  elements;  (3)  The  prediction  of  the  propcrtie 
of    undiscovered   elements;   and    (4)    The   correction   of   atoii 
weighta. 

1.  Classification  of  EkmetUs.  The  use  of  the  periodic  law  ii 
this  direction  haa  already  been  indicated.  It  is  without  doubt 
the  best  system  of  classification  known  and  is  to  be  ranked  among 
the  great  generalizations  of  the  science  of  chemistry. 

2.  Estimation  of  Atvmic  Weights.  Because  of  experimental 
difficulties  it  is  not  always  possible  to  fix  the  atomic  weight  of  an 
element  by  detenniuations  of  the  vapor  densities  of  some  of  its 
compounds,  or  by  a  determination  of  its  specific  tieat.  In  such 
cases  the  periodic  law  has  proved  of  great  value.     An  historic 


example  is  that  of  indium,  the  equivalent  weight  of  which  waa 
found  by  \Vinklcr  U>  be  37.8.  The  atomic  weight  of  the  element 
WHS  thought  to  bo  twice  the  equivalent  weight  or  75.6.  If  thia 
were  the  correct  value  it  would  find  a  place  in  the  periodic  table 
between  arsenic  and  selenium.  Clearly  there  is  no  vacancy  in 
the  table  at  this  point  and  furthermore  its  properties  are  not 
allied  to  those  of  arsenic  or  selenium.  Mendel^ff  propo.?ed  to 
assign  to  it  an  atomic  weight  three  times  its  equivalent  weight  or 
113.4,  when  it  would  fall  between  cadmium  and  tin  in  the  table. 
This  would  bring  it  in  the  same  group  with  aluminium,  the  typical 
clement  of  the  group,  to  which  it  bears  a  close  resemblance.  This 
suggestion  of  Mendel^eff's  was  confirmed  by  a  subsequent  deter- 
mination of  the  specific  heat  of  indium. 

3.  Prediction  of  Properties  of  Undiscovered  Elements.  At  the 
dme  when  McndcI)5efT  published  his  first  table  there  were  many 
more  vacant  spaces  than  exist  in  the  present  periodic  table.  He 
vrmturcd  to  predict  the  properties  of  many  of  these  unknown 
elements  by  mcAOs  of  the  average  properties  of  the  two  neighbor- 
ing elements  in  the  same  series,  and  the  two  neighboring  elements 
in  the  same  subgroup.  These  four  elements  he  termed  atomic 
analogues.  The  undiscovered  elements  Mcndol6eff  designated  by 
prefixing  the  .Sanskrit  numerals,  eka  (one),  dwi  (two),  tri  (three), 
and  so  on,  to  the  names  of  the  next  lower  elements  of  the  sub- 
group. When  the  first  peri(xlic  table  wa-s  published  there  were 
two  vacancies  in  Grouj)  HI,  the  mi.ssing  elements  being  called  by 
Mendel^ff  eka-iiluminium  ami  cka-bonm,  while  in  Group  IV 
there  wa.M  a  vacancy  below  titanium,  the  milling  element  being 
called  eka-rtilicon.  The  Kuhsi'tjuent  dif^c nvcry  of  gallium,  scandium 
and  germanium,  with  propiTtics  nearly  identical  with  those  pre- 
dicted for  the  above  hy^wthetical  elements,  served  to  strengthen 
the  faith  of  chemi-sts  in  the  periodic  law.  The  following  tabic 
illustrates  the  accuracy  of  MendelfkifT's  prognostications:  in  it  is 
given  a  comparison  of  a  few  of  the  properties  of  the  hypothetical 
clement,  eka-silicon,  as  predicted  by  Mcndel6eff  in  1871,  and  the 
corresponding  observed  properties  of  germanium,  discovered  by 
Winkler  fifteen  years  later. 
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Iklomic  weight-,  72. 
cific  Rravity,  6.5. 
'^  Atomic  volume,  13. 
Metal   dirty   gray,   aii<i  on   ignitinn 

yields  a  white  oxide,  EaOj. 
Element    decompOBes    steato    with 

difhculty. 
Acids  have  ^^ligbt  actioD,  alkalies  do 
pronounced  action. 


Action  of  Na  on  EsOj  or  on  lSaKiF« 

gives  metal. 

.The  oxide  EsOj  refructury. 

|8pectfic  gravity  of  i'jiOi.  4.7. 

rvaMic  profierttes  of  KsDj  leat^  marked 
than  TiOi  and  SnOj,  but  gK&ler 
than  .SiO,. 
Forms  hydroxide  ttohibic  in  arids, 
an<J  the  solutiuns  rundily  decom- 
pose forming  a  mctahydrate. 

EsCIt  a  liquid  with  a  b.p.  below  100" 
and  a  sp.  gr.  of  1.9  at  0^ 

EsF*  not  ga-stotw. 

Es  forms  a  coiniHtiind  E8(CiHi)(  boil- 
ing at  ItiO'*,  luid  Tvith  a  sp.  gr.  0.116. 


QsnnaaMim,  Qm. 


Atomic  weight.  73.3. 
Specific  gravity,  5.47. 
Atomic  volume,  13.2. 
Metal  gniyish-white,  and  on  igni- 
tion yields  a  white  oxide,  GeO». 
Element  does  not  decompose  water. 

Metal   not  attacked   by  HCI,  but 
acted  upon  by  aqua  regia. 

Solutions  of  KOH  have  no  action. 
Oxidixeti  by  fused  KOH. 

Ge  obtained  by  reduction  of  GeO» 
with  C,  or  of  (JeKsKa  with  Na. 

Tlie  oxide  (JeOi  refractory. 

Specific  gravity  of  GeOt,  4.703. 
Ba^ic  properlieH  of  (.ieOi  feeble. 


Acid-s  do  not  pi>t.  the  hydroxide 
from  dil.  alkaline  solutions^  but 
from  cone,  solutions,  acids  ppt. 
<_JeC)  or  a  nietahydratn. 

GeCIt  a  licjuid  with  a  b.p.  of  86% 
and  a  sp.  gr.  at  18°  of  1.S87. 

Ge?',.3  HjO  a  white  solid. 

Ge  forms  a  cotnfHiiinfl  Ge(CsHi)( 
boiling  at  160°  and  with  a  .sp.  gr. 
slightly  lesfl  than  water. 


4.  Correction  of  Atomic  Weights.  When  an  element  falls  in  a 
position  in  the  periodic  table  where  it  elearly  does  not  belong, 
suspicion  as  to  the  eorrootnetw  of  its  atomic  weight  is  immediately 
aroused.  Pretjuently  a  red^-terniiimtion  of  the  atomic  weight  lias 
revealed  an  error -which,  when  corrected,  has  resulted  in  assigning 
the  element  to  a  place  among  its  analogues.  Fonnerly  the 
accepted  atomic  weight-s  of  oKinium,  iridiimi,  platinum  and  gold 
were  in  the  order 

Os  >  If  >  Pt  >  Au. 

But  from  analogies  existing  between  osmium,  ruthenium  and  iron 
and  the  dispasition  of  the  preceding  members  of  Group  VIII, 
Mendel^eff  predicted  that  the  atomic  wei^ts  were  in  error  and 
that  the  order  of  the  elements  should  be 
Os  <  Ir  <  Pt  <  Au. 
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Suhftequcat  atomic  weight  dctcrmiimtioQfi  by  Scubort  substantiated 
i!endeI6eff'8  prediction. 

Defects  in  the  Periodic  Law.  While  the  arrangement  of  the 
flemonts  In  the  periodic  table  is  on  the  whole  verj-  satisfactorjS 
there  are  several  serious  defects  in  the  system  which  sfaould  be 
pointed  out.  At  the  very  outset  there  is  difficulty  in  finding  a 
place  for  livdrogen  in  the  system.  The  element  is  univalent  and 
falls  cither  in  Clruup  I,  with  the  alkali  metals,  or  in  Group  VII  with 
the  halogens.  While  the  element  is  electro-positive  it  cannot  be 
cocuidered  to  possess  metallic  properties.  It  forms  hydrides  with 
Bome  of  the  metallic  elements  and  can  be  displaced  by  the  halo- 
gem  from  organic  cumpounds.  These  facta  make  it  extremely 
difficult  to  decide  whether  hydrogen  should  be  placed  in  Group  I 
or  Group  VII.  The  idea  has  been  advanced  that  hydrogen  is 
the  only  known  member  of  the  first  series  of  the  periodic  table. 

These  hypothetical  elements  have  been  styled  proto-elements, 
tlie  successive  members  of  the  series  being,  proto-glucinum,  proti>- 
boron  titiil  s<j  on  to  the  last  element  in  the  series,  proto-fluorine.  To 
find  a  sviitnble  location  for  the  rare-earth  elements  in  the  tieriodic 
Q'Bt^'m  Is  another  difficulty  which  Iuls  not  been  sjitisfactorily  met. 
Brauner  considers  that  these  elements  should  all  be  grouped 
ta!gethcr  with  cerimii  (at.  wt.  =  140.25),  but  owing  to  our  limited 
kmniiedge  of  the  proi)erties  of  these  elements  it  seems  better  to 
defer  attempting  to  place  them  for  the  present.  In  the  group  of 
tton-valent  elements  the  atomic  weight  of  argon  is  distinctly  higher 
than  that  of  jjotaasium  in  the  next  group.  There  can  be  little 
doubt  that  the  values  of  the  atomic  weights  are  correct  and  it 
Liif  evidently  impossible  to  interchange  the  positions  of  these  two 
■fcnents-  in  the  pericKlic  table,  since  argon  is  as  much  the  analc^c 
of  the  rare  gases  as  potassium  is  of  the  alkali  metals.  A  similar 
discrepancy  occurs  with  the  elements,  tellurium  and  iodine.  The 
■tomic  weight  of  the  fonrier  element  is  appreciably  higher  than 
ttiat  of  the  latter  and,  notwithstanding  the  attempts  of  numerous 
investigators  Ut  prove  tellurium  to  l>e  a  complex  of  two  or  more 
elements,  nothing  but  failure  has  attended  their  efforts.  Still 
another  anomidy  is  encountered  in  Group  VII,  where  manganese 
ie  classed  with  the  halogen  family,  to  which  it  bears  much  lees 
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resemblance  than  it  does  to  chromium  and  iron,  its  two  immediate 
neighbors. 

As  has  already  been  mentioned,  Group  VIII  is  made  up  of  non- 
conformable  elements.  If  the  properties  of  the  elements  are 
dependent  upon  their  atomic  weights,  it  should  be  impossible  for 
several  elements  having  almost  identical  atomic  weights  and 
different  properties  to  exist,  and  yet  such  is  the  case  with  the 
elements  of  Group  VIII.  The  elements  copper,  silver  and  gold, 
while  not  closely  resembling  the  other  members  of  Group  VIII, 
are  much  more  closely  allied  to  them  than  to  the  alkali  metala 
with  which  they  are  also  classed.  Notwithstanding  its  imper- 
fections, the  periodic  law  must  be  regarded  as  a  truly  wonderful 
generalization  which  future  investigations  will  undoubtedly  show 
to  be  but  a  fragment  of  a  more  compreheusive  law. 


Conduction  of  Electricity  through  Gases.  Within  recent 
yean*  the  discover'  of  new  facta  relative  to  the  conduction  of 
olectricity  through  gases  hiis  led  to  the  development  of  the  so- 'J 
rallwl  electron  or  corpuscular  theory  of  jnatier.  Under  ordinary 
ftaiditions  giu^es  are  practically  non-eomiuctors  of  electricity,  but 
when  a  sufficiently  great  difference  of  potential  is  established 
bttmpcn  two  points  within  a  gas  it  Ls  no  longer  able  to  witlistand 
Uiesin^se,  and  an  electric  discharge  takes  place  Ix'tween  the  points. 
Tbciwtential  necessary'  to  produce  such  a  discharge  is  quite  higtii 


*^ 
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Fig.  3. 
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thousand  volt*?  being  required  to  produce  a  spark  of  one 
wntimcter  length  in  air  at  or<linarj'  proHsures.  The  pressure  of 
tlif  ga.s  has  a  marked  effect  upon  the  character  of  the  discharge 
and  the  |x)tential  required  to  produce  it.  If  we  make  use  of  a 
glaas  vessel  similar  to  that  shown  in  Fig.  3,  the  effect  of  pressure 
be  nature  of  the  discharge  may  be  studied. 
Iits  apparatus  consists  of  a  straight  glass  tube  about  4  cm.  in 
diameter  and  40  cm.  long,  into  the  ends  of  which  platinum  elec- 
trodes are  sealed.  To  the  side  of  the  vessel  a  small  tulw  is  sealed 
BO  that  connection  may  be  established  with  an  air-pump  and 
manometer.  If  the  electrodes  are  coimeeted  with  the  terminals 
of  an  induction  coil  and  the  pressure  within  the  tube  be  gradually 
diminished,  the  following  changes  in  the  character  of  the  dis- 
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charge  will  \->f.  o1»s)'rvc<!.  At  first  Mu'  i<piirk  bw^omes  more  uni- 
fonn  ami  llien  bruadens  out,  usBuriiJng  a  bluish  color.  When  a 
pressure  of   about  0.5  mm.  is 


reaohwl,  tin*  negative  eloctroHft 
or  cathode  will  appear  iff  be 
surrounded  by  a  thin  luminous 
layer;  next  to  tliiw  will  Ik'  a 
dark  region,  known  its  the 
Crookes'  (iprk  space;  adjoining 
this  will  be  a  luminouft  piiriion, 


^ 


Fig.  4. 
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cuJled  tho  negative  glow,  and  beyond  this  will  be  seen  another  dark 
region  which  is  frequently  referred  to  as  the  Faraday  dark  space. 
Betwe*'n  the  Faraday  ilark  space  and  tlio  positive  electrode  or 
anode  is  a  huninoiis  portion,  called  the  jujtntive  column.  By  a  slight 
variation  of  the  current  and  pressure  the  positive  eoliunn  can  be 
caused  to  break  up  into  alternate  light  and  dark  spaces  or  tttriWf 
the  appearance  uf  which  is  dependent  upon  various  factors  such  a8 


Fig.  5. 

the  nature  of  the  gas  and  the  size  of  the  tube.  If  we  use  a  modi- 
fication of  this  tube,  such  as  is  shown  in  Fig.  4,  and  diminish  the 
pressure  to  about  0,01  mm.,  a  new  phenomenon  will  be  obser\'ed. 
Tlie  positive  column  v,i\[  vanish  and  the  walls  of  the  tube  opposite 
the  cathode  will  become  faintly  phosphorescent.  The  color  of 
the  phosphorescence  will  depend  upon  the  nature  of  the  glasB: 
if  the  tube  is  made  of  soda  glass,  the  glow  will  be  greenish  yellow, 
while  with  lead  glass  the  phosphorescence  will  he  bluish.  The 
phosphorescence  is  due  to  the  bombardment  of  the  walls  of  the 
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t>beby  very  minute  particles  projectcct  normally  from  the  cathode. 
Tbwe  streams  of  particles  arc  called  the  cathode  Tays. 

Some  Properties  of  Cathode  Rays.    The  following  are  among 
tie  most  important  properties  of  the  cathode  rays:  — 

1.   The  cathode  rays  travel  in  straigfit  lines  normal  to  the  cathode'* 

and  they  cast  shadows  of  opaqitc  objeeis  placed  in  their  path.     This 

property  may  be  demonstrated  by  means  of  the  apparatus  shown 

in  Fig.  5,  where  a  small  metallic  Maltese  cross  b  interpossed  in  the 

path  of  the  rays,  a  distinct  shadow  being  cast  on  the  opposiU;  wall 

of  the  tube.    The  cross  may  be  hinged  at  the  bottom  so  that 

it  can  be  dropped  out  of  the  path  of  the  rays,  when  the  usual 

phosphorescence  will  be  obtained. 

2.    The  cathode  rays  can  produce  mechanical  motion.    By  means 
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Fig.  u. 


of  the  apparatus  due  to  Sir  William  Crookes,  Fig.  l>,  this  prop- 
erty of  the  cathode  rays  may  hv  demonstrated.  Within  tho 
vacuum  tube  is  placed  a  small  i»ulxile  wheel  which  rolls  horizon- 
tally on  a  pair  of  glass  rails.  When  the  current  is  applied  to  the 
tube,  tl»e  wheel  yvW]  revolve,  moving  away  from  the  cathode.  By 
reversing  the  current,  the  wheel  will  stop  and  then  rotate  in  the 
.opposite  direction  owing  to  the  roversal  of  the  direction  of  the 
cathode  stream. 

3.  The  cathode  rays  cauae  n  rittc  of  temperature  in  objects  upon 
vfhieh  they  fall.  In  the  tube  shown  in  Fig.  7,  the  anode  consists 
df  a  smalt  piece  of  platinum :  this  is  placed  at  the  center  of  curva- 
ture of  the  spherical  cathode.  Aft^'r  pumping  down  to  the 
proper  pressure,  if  a  strong  discharge  be  sent  through  the  tube, 


tht»  anode  mil  bpgin  to  gtow,  and  if  the  action  of  the  current  l>e 
continued  lung  cnouRh,  tho  platinum  plate  may  be  rendered  in- 
i-andesnent,  thus  stiowing  the 
marked  heating  effect  of  the 
«athode  rays. 

4.  Many  tiubsUinces  become 
phosphorescent  on  exposure  to 
ike  cathode  rays.  If  the  cathode 
rays  l)e  directed  upon  different 
substances,  such  aa  calc-6par, 

barium   plat i no-cyanide,  willemitc,   scheelite  and  various  kind 
of  glass,  iM'atitiful  phosphorescent  effects  may  In-  obscn'cd.     Thia 
phoephorescent  property  is  uscfid  in  obser\'ing  and  experimenting 

'  Trith  the  cathode  rays. 

5.  The  cathode  rays  can  he  Hcfiecied  from  their  rectilinear  palh  by 
a  viagndic  field.  In  studying  the  magnetic  deviation  of  the 
cathode  rays  a  tube  similar  to  that  shown  in  Fig.  8  lias  been 
found  very  satisfaetor}-.     An  aluminium  diaphragm,  A,  pierced 


Fig.  8. 


with  a  1  mm.  hole,  is  placed  in  front  of  the  cathode  while  at  the 
opp<i.site  end  of  tube  is  placed  a  phosphorescent  screen,  D.  When 
the  dis<'harge  takes  place  a  circular  phoHphorescent  s|X)t  will 
appear  on  D.  If  the  tube  be  placed  Wtween  the  jjoles  i>f  an 
electromagnet,  the  phoephorescent  spot  will  move  at  right  angles 
to  the  direction  <if  the  nwignetic  fiekl.  On  reversing  the  polarity 
of  the  magnet  th(^  spot  will  move  in  the  oppotiite  direction. 
Furthermore  the  direction  of  the  deflection  will  be  found  to  be 
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amilar  to  that  produced  by  ti  negative  cliargc  of  electricily  mov-] 
ingin  the  same  direction  as  the  cathode  ray. 

fi.  The  cathode  rays  can  be  deflecied  frotn  their  rectilinear  path 
h^iORekctTo^taticJield.  The  same  tube  which  was  used  in  observ- 
ing tlie  magnetic  defieotion  may  be  employed  in  studying  the 
effwt  of  an  electrostatic  field.  Two  insulated  nietai  pUites,  B 
iaJ  C,  are  place<l  on  opposite  sides  of  the  tube  and  pandlel  to 
carh  other.  ^Tien  the  tube  is  in  action,  if  a  difference  of  poten- 
tial of  several  hundred  volts  be  applied  to  the  plates,  the  phos- 
phorescent spot  on  D  will  be  found  to  move,  the  direction  of  the 
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Fig.  9. 

motion  being  the  same  as  that  of^a  negatively  charged  body  under 
the  influence  of  an  electroKtatic  field.  Reversal  of  tiie  field  causes 
the  phosphorescent  spot  to  move  to  the  opposite  side  of  the 
Bcreen. 

7.  The  cafhftde  rftyjf  carry  a  negative  charge.  Probably  the  most 
impKirtant  characteristic  of  the  cathode  rays  is  their  ability  to 
carry  a  negative  charge.  While  the  magnetic  and  electrostatic 
deviation  of  the  rays  made  thfe  fact  more  than  probable,  it  re- 
mained for  Perrin  to  demonstrate  that  a  negative  electrification 
accompanies  the  cathode  streyim.  A  modification  of  Perrin't* 
apparatus  due  to  J.  J.  Thomson  is  shown  in   Fig.   9.      It  con- 
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siste  of  a  spherical  bulli  to  which  is  sealed  a  smaller  bulb  and  a  long 
bide  tube.  The  siiiall  bulb  couLains  the  i^alhode  C  and  the  unode 
A.  The  anode  consists  of  u  tight-fitting  brass  plug  pierced  by  a 
central  hole  of  small  diajiieter.  The  side  lube,  which  is  out  of 
the  direct  range  of  the  cathode  rays,  contains  two  coaxial  metallic 
cylinders  insulatcxl  from  each  other,  each  being  perforated  with  a 
narrow  transversp  slit:  D  Ls  earth-oonnectod  and  B  is  connected 
with  an  electrometer  by  means  of  the  nnl  /'.  When  the  tul>e  haa 
been  pumped  down  to  the  proper  pressure  for  the  production  of 
cathode  rays,  a  phosphorescent  spot  will  apj)ear  at  E  directly 
opposite  the  cathode  C-  Upon  testing  B  for  possible  electrifica- 
tion by  means  of  the  electrometer,  it  will  be  found  to  be  uncharged- 
If  the  cathode  stream  he  deflected  by  means  of  a  magnet  so  that 
the  rays  fall  upon  B,  a  sudden  charging  of  the  electrometer  will  be 
obsen'ed,  proving  that  B  is  becoming  electrified.  Upon  deflect- 
ing the  rays  still  further  so  that  they  are  no  longer  incident  upon 
fi,  the  accumulation  of  charge  will  immediately  cease.  If  the 
electrometer  be  tt^U^d  for  polarity,  it  wilt  l>e  found  to  be  negatively 
charged,  thus  proving  the  charge  carried  V>y  the  cathode  rays  to 
be  negative. 

8.  The  caUnnle  rays  can  penetrate  thin  sheets  of  metal.  In  1894 
Lenard  coiLstructed  a  vacuum  tube  fitte<l  with  an  aluminium 
window  opposite  the  cathode.  He  showed  that  the  cathode  raj's 
passed  through  the  aluminium  and  are  absorbed  by  different  sub- 
stances outj<ide  of  the  tulH*,  the  absorption  varying  directly  with, 
the  density  of  the  substance. 

9.  The  cathode  raya  when  directed  info  moist  air  cause  the  forma" 
lion  of  fog.  This  phenomenon  has  been  ahown  by  C.  T.  R.  Wilson 
to  be  due  to  the  minute  particles  in  the  cathode  stream  acting  as 
nuclei  \ipon  which  the  water  vapor  can  condense. 

Velocity  of  the  Cathode  Particle.  Sinee  the  cathode  raya 
consist  of  minute,  negatively-charged  particles  which  can  be 
deflected  by  a  magnetic  and  an  electrostatic  field,  it  is  possible 
to  measure  their  speed  and  to  compute  the  ratio  of  the  mass  of  a 
particle  to  its  charge.  The  special  form  of  tul>e  shown  in 
Fig.  10  was  devised  for  the  puqxwe  by  J.  J.  Thomson.  It  consists 
of  a  glass  tube  about  60  cm.  in  length,  furnished  with  a  flat  cir- 
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culax  catboile,  C,  and  an  auodc,  A,  in  llu;  form  <>f  a  i*ylindrica 
brass  plug  about  2.5  cm.  in  leugtii,  pierced  by  a  central  hole  1  mmij 
in  diameter.  Another  brass  plug,  B,  is  placed  about  5  cm.  awajl 
from  A,  the  two  holes  being  in  exactly  the  same  straight  line,  sol 
that  a  ver>'  narrow  bundle  of  rays  may  pass  along  tlie  axis  of  the 
tube  and  fall  upon  the  phosphorescent  screen  at  the  opposite 
end  of  the  tulw.  Upon  this  screen  is  a  millimeter  .scale,  SS\ 
Two  i>arallel  plates,  D  and  E,  are  scaled  into  the  tube  for  the  pur- 
pose of  est-ablishing  an  electrostatic  field.  When  the  tube  is 
connected  with  an  induction  coil  or  other  source  of  high -potential, 
a  phosphoreseent  spot  will  api>ear  at  F.  If  a  strong  magnetic 
field  be  applied,  the  lines  of  force  being  at  right  angles  to  the  piano 


of  the  diagram,  the  rays  will  be  deflected  vertically  and  the 
on  the  sorcen  will  move  from  F  to  G. 

Let  //  denote  the  strength  of  the  magnetic  field  and  let  m,  0 
and  V  represent  respectively  the  ma^,  charge  and  velocity  of  a 
cathode  particle.  A  magnetic  field,  H,  acting  at  right  angles  to 
the  line  of  flight  of  the  cathode  particle  will  exert  a  force, 
Bev,  which  will  tend  to  deflect  the  particle  from  a  rectilinear 
path.  This  force  must  be  equal  to  the  centrifugal  force  of  the 
moving  particle  acting  outwards  along  its  radius  of  curvature. 
Therefore 

T 


or 


Ht  = 


mv 
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Since  H  and  r  can  both  be  measured,  the  ratio,  — ,  can  be  deter- 

mined.  Now  if  a  difference  of  potential  be  established  between 
D  and  E,  and  the  lines  of  force  in  the  electrostatic  field  have  the 
proper  direction,  it  will  be  possible  to  alter  the  strength  of  the  field 
so  as  to  just  counterbalance  the  effect  of  the  ma^etic  field,  and 
bring  the  phosphorescent  spot  back  to  F  again.  Under  these 
conditions,  if  X  denotes  the  strength  of  the  electrostatic  field,  we 
have 

Xe  =  HeVf 
or 

.  =  f.  (2) 

Since  X  and  H  can  both  be  measured,  v  can  be  calculated,  and  by 
introducing  the  value  so  obtained  into  equation  (1),  the  ratio  e/m 
can  be  evaluated.  By  this  method  the  average  value  of  f  has 
been  found  to  be  2.8  X  10"  cm.  per  second,  while  1.7  X  1(F  is 
the  mean  value  of  a  large  number  of  determinatioOB  of  the  ratio 
e/m. 

Comparison  of  the  Ratio  of  Charge  to  Mass  for  the  Ca&ode 
Particle  with  that  for  the  Ion  in  Electrolysis.  The  ratio  of  the 
chaise  carried  by  an  ion  in  electrolysis  to  its  mass  can  be  easily 
computed.  Thus  it  may  be  shown  that  the  ratio  of  the  charge  E9 
of  the  hydrogen  ion  to  its  mass,  M,  in  electrolysis  is  about  1  X  lO"* 
C.G.S.  units  or 

E 

^  =1  X  10*  approximately. 

The  mass  of  the  hydrogen  ion  may  be  considered  to  be  identical 
with  that  of  the  hydrogen  atom,  the  lightest  atom  known.      Com-"  . 
paring  the  value  of  e/m  for  the  cathode  particle  with  the  value  rf 
E/M  for  the  hydrogen  ion  in  electrolysis,  it  is  evident  that  the  - 
former  is  about  1700  times  greater  than  the  latter. 

Charge  Carried  by  the  Cathode  Particle.  Until  the  value 
of  the  charge  carried  by  tlic  cathode  particle  has  been  determined, 
it  is  clearly  impossible  to  compute  its  mass.    Thus,  if  we  consider 
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tie  laat  statement  of  the  preceding  paragraph,  which  may  be 
formulated  as  followcs:  — 

e/m  ;  E/M  ::  1700  :  1, 

tie  proportion  fldll  remain  unaltered  whether  m  =  Af/1700 
t  =  E,  or  e  »  1700  and  m  =  M.    The  method  employed  to  deter-l 
mine  the  charge  carried  by  a  cathode  particle  m  too  complicated 
ibr  a  det^led  descriptioa  in  lliiij  place;  merely  the  general  outline 
will  be  given.     UjX)n  suddenly  expanding  a  volume  of  saturated 
water  vajjor,  its  temperature  is  lowered,  and  a  cloud  forms,  each 
particle  of  dust  present  serving  as  a  nucleus  for  a  fog  particle.     If^^ 
sufficient  time  be  allowed  for  the  mist  to  settle  and  the  vapor  to^H 
become  saturated  again,  a  repetition  of  the  |)receding  process  will 
result  in  the  formation  of  less  mist,  owing  to  the  presence  of  fewer 
dust  particles.    Bj-  repeating  the  operation  enough  times  the 
^>ace  may  be  rendered  dust  free.     As  has  already  b«^n  pointed 
out,  cathode  particles  serve  as  nuclei  for  the  condensation  of  _^ 
water  vapor,  their  function  being  similar  to  that  of  dust  particles.  ■( 
!t  has  lieen  showia  by  Sir  George  0.  Stokes  that  if  a  drop  of  water 
of  radius  r,  be  allowed  to  fall  through  a  gas  of  viscosity  v,  then  the   ^, 
velocity  with  which  the  drop  falls  is  given  by  the  equation  H 

vbere  ^  is  the  acceleration  due  to  gravity.  The  viscosity  of  air 
n  any  temperature  being  known,  a  cloud  can  be  produced  in  an 
appropriate  chamber  by  expansion  of  water  vapor  in  the  presence 
of  cathode  particles  and  the  speed,  v,  with  which  the  cloud  falls 
can  be  measured,  and  hence  r  can  be  calculated  by  means  of  equa- 
tion (3).  If  m  is  the  total  mass  of  the  cloud  and  n  is  the  number  of  j 
drops  per  cubic  centuneter.  then 

m  =  4/3  wirr*  (density  of  water  ^1). 
From  a  simple  application  of  thermodynamics  m  may  be  deter- 
mined. Knowing  the  values  of  m  ajxd  r,  tho  number  of  drops 
in  the  cloud,  n,  which  is  the  same  as  the  number  of  cathode  par- 
ticles, can  be  calculated.  It  is  a  simple  matter  to  measure  the 
total  charge  in  the  expansion  chjimlwr,  and  dividing  this  by  the 
total  number  of  charged  particles,  gives  the  charge  carried  by  a 
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single  particle.  The  latest  determinations  of  J.  J.  Thomson  show 
this  to  be  3.4  X  "*"  electrostatic  unit.  This  is  practically 
identical  >vith  the  calculatett  value  of  the  charge  on  the  hydro- 
gen ion  in  electrolysis,  or  e  =  E  and  therefore  m  =  Af/1700;  the 
mass  of  the  cathode  particle  is  1/1700  of  the  mass  of  the  atom 
of  hydrogen.  The  cathode  particle  liaa  the  siualleet  mafw  yet 
known  and  has  been  called  the  corpuscle  or  electron. 

An  infienious  modification  of  the  foregoing  method  devised  by 
Millikau,*  has  made  it  possible  to  determine  e  with  extreme 
accm-acy.  Milhkan  gives  as  the  mean  of  a  lai*ge  number  of  deter- 
minations of  e,  the  following  value  which  he  states  is  In  error  by 
le-ss  than  0.1  per  cent; 

e  =  4.4775  X  10-'"  electrostjitic  units. 


For  purposes  of  comparison,  the  following  value-s  of  e  obtained  by 
other  invctstigators  using  different  experimental  methods  are  here 
given :  — 

{a)  Making  use  of  available  data  on  radiant  energy ,  Planck 
calculated  e  ==  4.69  X  10'". 

(6)  By  counting  the  number  of  scintillations  produced  by  a 
known  weight  of  polonium  and  measuring  the  total  charge,  Hcgener 
found  c  =  4.79  x  10'". 

(c)  By  counting  the  number  of  «-particles  escaping  from  a  given 
amount  of  radium  bromide  and  measuring  the  total  cliarge, 
Rutherford  and  Gciger  calculated  e  =  4.05  X  10-'^ 

The  Avogadro  Constant.  The  actual  number  of  molecules  in 
one  gram-molecule  or  the  actual  luunber  of  atoms  in  one  gram- 
atom  of  a  gas  is  calletl  the  Avonfulro  Cu/idani.  Tlie  most  at'curate 
method  for  the  calculation  ol  this  constant  involves  the  elementary 
charge  of  elerlricity.  e. 

Tlie  ((uantity  of  electricity  carrietl  by  one  gram  equivalent  in 
electrolysis  hiis  been  found  to  be  9ti,500  coulombs  (see  p.  390). 
This  quantity,  known  as  the  faradaj*.  and  eommonly  designated 
by  F,  bears  the  same  relation  to  c  that  the  actual  weight  of  an  atom 
bears  to  the  number  expressing  its  atomic  weight.    The  relation 

•  Phil  Mfig.,  6,  19,  209  (1910);  Phys.  Rev..  39,  349  (1911);  Trans.  Am. 
Electrochem.  Soc.,  aX|  1S5  (1912). 
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between  the  Avogadro  constant  N  and  the  ionic  and  electronic 
charges  F  and  e,  is  given  by  the  equation 

F 

AT--. 
e 

Substituting  the  above  values  in  this  equation  and  converting 
coulombs  into  electrostatic  imits,  we  have 

^  _  96500  X  3  X  Iffl  _  ^ .  ^  y  ,^ 
^  -   4.4775  X  10-">    -  ^^-^  ^  ^^' 

Otiier  Sources  of  Electrons.  Electrons  may  be  produced  by 
other  agents  than  cathode  rays.  Thus,  electrons  are  emitted  by 
ndium  and  other  radioactive  substances,  by  metals  and  amalgams 
under  the  influence  of  ultra-violet  light,  and  also  by  gas  flames 
charged  with  the  vapors  of  salts.  It  has  been  shown  that  from 
whatever  source  an  electron  is  derived,  the  value  of  the  ratio  e/m 
remains  constant.  This  interesting  fact  has  led  Thomson  to  sug- 
gest that  the  electron  may  be  regarded  as  "one  of  the  bricks  of 
which  the  atom  is  built  up." 

Before  entering  upon  a  discussion  of  modern  views  of  atomic 
structure,  however,  it  will  be  necessary  to  summarize  very  briefly 
some  of  the  saUent  facts  of  radiochemistry. 
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Discovery  of  Radioactivity.  The  finst  radioactive  substance 
was  discovered  by  Henri  HecqiH'n*!  *  in  1896.  It  \vm\  Ix'cn  shown 
by  RocLitgcii  in  the  prcviouH  y<*ar  llia(.  (Ik*  boinlmrdiiietit  of  the 
walls  of  a  vacuum  tube  by  the  cathode  stream,  gives  rise  to  a  new 
type  of  rajTs,  whicli,  Iwcnnsc  of  their  puzzling  rharftct^ristlcs,  he 
called  X-ra>'s.  The  portion  of  the  tube  where  these  rays  originate 
was  observed  to  fluoresce  brilliantly,  and  it  wa«  at  once  assumed 
that  tliis  fluorescence  might  be  the  cause  of  the  new  type  of  radia- 
tion. 

Many  substances  were  known  to  fluoresce  under  the  stimulus  of 
the  sun's  rays,  and  it  was  natural,  in  the  light  of  Roentgen's  di*- 
coverj',  that  all  substances  ivhit^h  exhibit  fUiore^cence  should  be 
subjected  to  careful  examination.  Among  those  who  became  inter- 
ested in  these  phenomena  wojfi  Hecqucrcl.  He  studied  the  action' of 
a  nmnber  of  fluorescent  substances,  among  which  was  the  double 
sulphate  of  potassium  and  uranium.  This  salt,  after  exposure  to 
sunlight,  was  found  to  omit  a  radiation  capable  of  affecting  a  care- 
fully protected  photographic  plutc.  Fui'ther  investigation  proved 
that  the  fluorescence  bait  nothing  to  do  with  the  photographic 
action,  since  both  uranous  and  uranic  salts  were  found  to  exert 
similar  photograpliic  action,  uotwitlis landing  the  fact  that  uranous 
salts  are  not  fluorescent.  The  photographic  activity  of  both 
uranous  and  uranic  salt^  was  found  to  be  proportional  to  their 
content  of  uranium.  Becquerel  also  showed  that  prehminary 
stimulation  by  sunhght  was  wholly  unnecessary.  Uraniiun  salts 
which  had  been  kept  in  the  dark  for  years  were  found  to  he  just  as 
active  as  those  wliicb  had  been  recently  exposed  to  brilliant  sun- 
light. Tlte  proi)ertie8  of  the  rays  emitted  by  uranium  salts  differ 
in  many  resi)ects  from  th«<e  of  tlie  X-rays.  The  rate  of  emission 
of  the  urauium  rays  remaiibs  unaltered  at  the  highest  or  the  lowest 
*  Com]>t.  n!n[lu!4,  lai,  420  (1890). 
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obtAinablc  temperatures.  The  entire  behavior  of  these  salts  justi- 
the  conclusion  that  the  continuous  emission  of  penetrating 
la}^  is  a  specific  property  of  the  element  uranium  it,s(?If.  This 
y  of  spontaneoasiy  emitting  radiations  capahlp  of  penetra- 
ig substance*  opaque  to  ordinary  light  is  called  radioadivity. 
Discovery  of  Radium.  Shortly  after  the  discovery  of  the 
ndioactivity  of  uranium,  the  element  thorium  and  its  compounds 
WOT  also  found  to  be  radioactive.  As  a  result  of  a  systematic 
eximiaation  by  Mme.  Curie  *  of  minerals  known  to  contain 
unnium  or  thorium,  it  was  learned  that  many  of  these  were  much 
more  rsdioactive  than  either  uranium  or  thorium  alone.  Thus, 
pitcbblende,  one  of  the  principal  ores  of  uranium,  was  found  to 
be  four  times  more  active  than  uranium  alone,  and  chalcolite,  a 
pboephate  of  copper  and  uranium,  was  found  to  be  at  least  twice 
M  active  as  uranium.  On  the  other  hand,  when  a  specimen  of 
artificial  chalcolite,  prepared  in  the  laborator\'  from  pure  materials, 
waa  examined,  ita  activity  was  found  to  be  proportional  to  the 
flOctentof  uranium.  Mme.  Curie  concluded  from  this  result  that 
natural  chaJcoUte  and  pitchblende  must  contain  a  minute  amount 
of  aome  substance  much  more  active  than  uranium. 

With  the  assistance  of  her  husband,  Mme,  Curie  undertook  the 
(ask  of  separating  this  unknown  substance  from  pitchblende. 
Pitohblenile  is  an  exti'emely  complex  mineral  and  its  fij*stematic 
chemical  analysis  calls  for  skill  and  patience  of  a  high  order.  With- 
out entering  into  dctAils  as  to  the  analj'tieal  procedure,  it  must 
suffice  here  to  state  the  result*  oljtaincd.  Associated  with  Wsmuth, 
a  ver>*  active  substance  was  discovered,  to  which  Mme.  Curie  gave 
the  name  polpniuuj  in  honor  of  her  native  land,  Poland.  In  like 
numner,  an  extremely  active  suljstftnce  wns  founrl  associated  \vith 
Ittrium  in  the  alkaline  earth  jrroui).  The  substance  was  called 
TMlium  because  of  its  great  radioactivity. 

Whfle  the  isolation  of  pure  polonium  is  extremely  difficult  and, 
while  sufficient  quantities  have  not  been  obtained  to  permit  de- 
terminations of  its  physical  properties,  the  isolation  of  radium 
in  relatively  large  amounts  is  i^eadily  accomplished.  The  pure 
bromides  of  radium  and  barium  are  prepared  together  and  the 
*  Compt.  rendus,  126,  1101  (1898). 
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two  salts  arc  then  separated  by  a  series  of  fractional  crystalliza- 
tions. That  the  salts  of  barium  and  radium  arc  vcr>'  similar  in 
chemical  properties  is  shown  liy  tiie  fact  that  they  separate  to- 
gether from  the  same  solution.  Tlie  atomic  weight  of  radiuin  has 
been  determined  by  stweral  investigators,  the  accepted  value  being 
226.  It  is  thus,  with  the  cj£ct;ption  of  uranium,  the  heaviest  known 
element. 

In  1910,  Mme.  Curie*  succeeded  in  obtaining  metallic  raditmi. 
It  is  a  metal  possessing  a  .silvery  liLster,  dissolving  in  water  with 
energetic  evolution  of  hydrogen  and  tarnishing  rapidly  in  air  with 
the  formation  of  the  nitride. 

It  is  estimated  tluit  one  ton  of  pitchblende  contains  approxi- 
mately 0.2  gram  of  radium. 

Other  Radioactive  Substances.  Shortly  after  the  discovery 
of  radiimi  utid  polonium  by  the  ('uries,  Dehienie  t  discovered 
another  radioactive  element  in  pitchblende.  This  element,  which 
he  named  ai^inium,  wa.s  found  associated  with  the  iron  group  in 
the  course  of  the  analysis  of  the  mineral. 

In  1906,  Boltwood  J  di.scovered  in  pitchblende,  and  in  several 
other  uranium  miiieraU,  the  presence  of  still  another  radioelement 
which  he  named  ionium.  Ionium  is  much  more  active  than 
thorium  to  which  it  hears  such  a  close  resemblance  that  the  two 
elements  cannot  be  separated  from  ejich  other. 

The  lead  which  is  obtiiined  from  uranimn  and  thorium  minerals 
is  found  to  be  slightly  radioactive,  the  activity  being  attributed 
,  to  the  presence  of  a  small  proportion  of  a  constituent  called  radio- 
Flead,  the  chemical  properties  of  which  rcaemble  those  of  ordinary 
lead.  It  is  interesting  to  note  that  recent  determinatioim  by 
Richards  §  of  the  atomic  weight  of  lead  obtained  from  different 
sources,  reveal  differences  greater  than  thn  possible  experimental 
errors  of  the  determinations.  Thus,  the  values  of  the  atomic 
weight  of  lead  from  pitchblende  and  from  thorite  were  found  to 
be  206.40  and  208.4  respectively,  while  the  value  of  the  atomic 
weight  of  ordinary  lead  is  207.15. 

•  Compt.  rmdiw,  151,  523  flfilOl. 

t  Compt.  rcndus,  12^,  50.1  (ISItO). 

t  Am.  Jour.  Bci.,  aa.  .5.17  (l90fiV 

{  Jour.  Am.  Chem.  Soc..  36, 1329  (1914). 
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About  thirty  other  rft<Uoaetivc  Hubtitaiiccs  have  been  separated 
andmjiny  ol  their  properLiw  have  been  determined.  i'Vll  of  these 
radto-elenients  have  been  shown  to  Ixi  the  hneal  dt^seeiidant:*  of  one 
or  tk'  aiher  of  ihe  two  parent  elements,  uranium  or  thorium. 

lomzatioxi  of  Gases.  The  railiatiuns  emitted  by  radioactive 
subgianccs  Imve  tiie  power  of  rendering  the  air  through  which  they 
|»»  comiuetors  of  electricity.  To  account  for  this  action,  Thom- 
90n  and  Hutherford  fonnulated  the  theory  of  gaseous  ioiii^tntion. 
Acpording  to  tliis  theory,  which  has  since  l)een  exijcritnentaily 
confirmed,  the  radiations  brt^ak  up  the  componcnt-s  of  the  giis  into 
positive  and  negative  carriers  of  eU:ctricity  called  ions.  IS  two 
pualtel  metal  platts  are  connected  to  the  tcmiinals  of  a  battery 
und  a  radioactive  substan««!  is  placed  l«*twceu  them,  the  air  will  be 
ionii^d  and,  owing  («  Llie  movement  of  the  jwsitive  and  negative 
ions  toward  tJie  plates  of  oppo.site  sign,  an  electric  current  will 
pass  between  the  plates.  If  the  electric  field  is  weak,  the  mutual 
ittraction  Ix^lween  the  positive  and  negative  ions  \vill  cause  many 
(tf  them  to  recombine  before  reaching  the  plates  and  the  resulting 
current  mil  \ic  small.  Aa  the  strength  of  the  field  is  increasetl,  the 
peater  will  be  the  speed  of  the  ions  toward  the  plates  and  the 
|i  soaller  will  l)ecome  the  tendency  to  recombination.  Ultimately, 
with  increasing  strength  of  field  all  of  the  ions  will  be  swept  to  the 
plates  as  fast  jls  they  ai*e  fonncd  and  the  ionization  current  will 
attain  a  maxinmm  value.  This  limiting  or  saturation  current 
affords  the  most  accumtc  method  for  the  measurement  of  radio- 
.  activity. 

I  The  method  is  so  sensitive  that,  by  mcjins  of  it  alone,  it  is  possible 
I  to  delect  amounts  of  radioactive  products  far  beyond  the  reach  of 
^^^  balance  or  the  spectroscope.  The  theory  of  gaseous  ionization 
^ph  been  confirmed  in  several  different  way«,  but  one  of  the  most 
Ffttn'king  verifications  of  the  theory  is  that  due  to  C  T.  R.  Wilson. 

■  Making  use  of  the  fact  that  the  ions  tend  to  comlense  water  vapor 

■  around  themselves  as  nuclei,  Wilson  succeeded  in  actually  photo- 
B graphing  the  path  of  an  ionizing  ray  in  air. 

W  Photographic  Action  of  Radiations.  It  hns  already  been 
pointed  out  that  the  radiations  from  nuiioactive  substances  are 
capable  of  affecting  a  photograpliic  plate.    The  photographic 
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actioD  of  the  radiations  has  }yeen  employed  quite  ejctensively  in 
studying  radioactive  phenomena  from  a  purely  qualitative  stand- 
point. The  method  employed,  consist*  in  exposing  the  photo- 
graphic plate,  which  ha,s  Ix^n  previously  wrapped  in  opaque  black 
paper,  to  the  action  of  the  radiations.  The  time  of  exposure 
varies  with  the  nature  of  the  substance  under  examination,  a  few 
minutes  being  required  for  highly  active  preparations  wlulc  sev- 
eral days  or  even  weeks  may  be  needed  for  preparations  of  low 
activity. 

'  Phosphorescence  Induced  by  Radiations.  A  screen  covered 
with  crj'stals  of  phosphorescent  zinc  sulphide  is  rendered  luminous 
when  exposed  to  fairly  intense  radiation  from  a  radioactive 
substance.  This  phenomenon  htm  been  shown  to  be  due  to  the 
bombardment  of  the  crystals  of  zinc  sulphide  by  the  so-called  o- 
rays  (see  below).  ^\Tien  the  screen  is  examined  with  a  lens  the 
phosphorescence  is  seen  to  consist  of  a  series  of  scintillations  of 
verj-  f'hort  duration. 

Nature  of  the  Radiations.  The  ionizing,  photographic,  and 
Imninescent  projHTtie^  of  the  radiations  from  radioactive  sub- 
stances are  not  sufficient  Ui  differentiate  them  from  cathode  rays 
or  X-rays,  although  each  of  these  properties  may  be  employed  in 
detennining  their  intensily. 

Evidence  of  the  composite  character  of  the  radiations  was  fur- 
nished by  a  study  of  their  penetrating  power  as  well  as  by  investi-« 
gations  of  the  IxjhaWor  of  the  raj's  when  subjected  to  the  action  of 
magnetic  and  electric  fields. 

A  thin  sheet  of  aluminum  or  a  few  centimeters  of  air  was  found 
sufficient  to  cut  off  a  large  percentage  of  the  rays. 

The  unabsorbed  portion  of  the  radiation  wa»  fount^  to  consist  of 
two  distinct  tj-pes,  one  of  which  was  cut  off  by  five  or  aix  millimctera 
of  lead  while  the  other  possessed  such  great  penetrating  power 
that  its  presence  could  be  reailiiy  iletected  after  pa.ssiMg  through  a 
layer  of  leatl  fifteen  centimeters  tliick. 

Rutherford  named  these  thrive  distinct  types  of  mdiation,  the 
0-,  /3-,  and  7-rays,  respectively.  The  penetrating  powers  of  the 
tff  /S-,  and  7-rays  may  be  approximately  expressed  by  the  propor- 
tion 1  to  100  to  10,000;  i.e.,  the  jS-rays  are  100  times  more  pene- 
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Iraiing  i1ki»  the  a-rays,  wliile  the  ^-raya  are  100  times  more 
penetmluig  than  Ihe  ^raya. 

T\a  general  eliaracteristics  of  the  three  kinds  of  rays  may  be 
briefly  summarized  as  follows:  — 

(I)  a-Rays.  The  «-ray8  consist  of  positively  charged  particles 
moving  with  speeds  approximately  one-tenth  as  great  as  that 
of  light.  These  particles  have  been  shown  to  be  identical  with 
hplium  atoms  carrying  two  positive  chargers  of  electricity.  They 
we  appreciably  deflected  from  a  rectilinear  path  by  magnetic  and 
*4«lric  fields.  They  possess  great  ionizing  power  hni  relatively 
little  penetrating  power  or  photographic  action.  The  depth  to 
which  an  «-particle  penetrates  a  homogeneous  absorbing  medium 
Won?  Inking  its  ionizing  power,  is  known  as  its  "range."  The 
nu^  is  proportional  to  the  cul:>o  of  the  initial  speed  of  the  a- 
putide  and  is  one  of  the  characteristic  properties  of  the  radio- 
ffctnenls  emitting  «-rays, 

(2)  ^Rays.  The  ^-rays  consist  of  negatively  charged  particles 
flwiring  with  speeds  var>'ing  from  two-fifths  to  nine-tenths  of  the 
ipBed  of  light.  They  arc,  in  fact,  electrons  mo\ang  with  much 
pciler  spcctls  than  those  shot  out  from  the  cathode  in  a  vacuimi 
lube    UTiile  the  a-particles  emitted  by  a  particular  radio-element 

^definite  velocity,  the  corresix>n<Ung  ^-ray  emiwion  consists 
ht  of  particles  having  widely  difTcrent  speeds.  The  pene- 
trating power  of  the  ^ra>*8  Is  conchtioned  by  the  speed  of  the 
pwticirs,  those  which  move  most  rapidly  possessing  the  greatest 
PMetmting  power. 

The  ionizing  action  of  the  ^-raj's  is  much  weaker  than  that  of  the 
''-'»>"9,  while  exactly  the  reverse  is  true  of  the  photographic  action. 

(3)  t-Rays.  The  y-rays  are  identical  with  X-rays.  They  con- 
■W  of  extremely  short  waves  of  light,  the  wave-length  varying 
'wni  at>out  1  X  10~^  cm.  for  the  rays  of  tow  penetrating  power  to 
■Iwiit  1  X  lO"*  cm.  for  the  most  penetrating  raj*s.  Obviously  tho 
T-tays  cannot  be  deflected  from  a  rectilinear  path  by  either  electric 
Of  magnetic  tields. 

Uranium-X  and  Thorium-X.     In  1900,  Crookes*  precipitated 
> solution  of  a  uranium  salt  with  ammonium  carbonate;  when  on 
'  Proc.  Roy.  Soc,  64,  40D  (1900). 
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excess  of  the  reagent  had  been  added,  all  but  a  minute  portion  of 
the  precipitate  was  found  to  have  dissolved.  This  small  insoluble 
residue,  though  chemically  free  from  uranium,  was  found,  when 
tested  photographically,  to  be  several  hundred  times  more  active, 
weight  for  weight,  than  the  original  salt.  The  solution,  on  the 
other  hand,  was  found  to  have  lost  nearly  all  of  its  activity.  At 
the  end  of  a  year,  however,  the  solution  had  entirely  regained  its 
original  activity,  while  the  insoluble  residue  had  become  inactive. 
The  active  substance  thus  separated  was  called,  on  account  of  its 
unknown  nature,  lUBnium-X. 

Similarly,  Rutherford  and  Soddy,^  by  precipitating  a  solutioD 
of  a  thorium  salt  with  ammonium  hydroxide,  found  that  a  latge 
proportion  of  the  activity  remained  behind  in  the  thorium-^ 
filtrate.  On  evaporating  the  filtrate  to  dryness  and  driving  off 
the  ammonium  salts,  a  r^idue  was  obtained  which  was,  wei^t 
for  weight,  several  thousand  times  more  active  than  the  original 
solution.  After  standing  for  a  month,  this  residue  was  foimd  to 
have  lost  its  activity,  while  the  precipitate  had  regained  the  ac- 
tivity of  the  original  thorium  compound.  This  active  residue  was 
called  thorium-X  from  analogy  to  Crookes'  uranium-X. 

The  fact  that  uranium-X  and  thorium-X  had  each  been  obtained 
as  the  result  of  siwcific  chemical  processes,  seemed  to  warrant  the 
ront'IiLsion  that  they  are  new  substances  possessing  well-defined 
proiwrties.  The  manner  in  which  these  substances  were  obtained 
!«1  to  a  variety  of  speculations  as  to  the  mechanism  of  the  process 
involvinl  in  their  production.  In  a  subsequent  paragraph  it  will 
1h>  shown  that  the  so-called  disintegration  theory  offers  a  meet 
satisfactory  explanation  of  the  foregoing  experimental  results. 

The  Emanations.  The  olemont  thorium  was  found  by  Ruther- 
foni  to  give  off  a  ra<lioactivo  gas  or  emanation  which,  when  left  to 
itat'lf.  rapidly  low^s  its  activity  in  a  similar  manner  to  uranium-X 
and  thori»»n-X.  The  thorium  emanation  was  found  to  resemble 
the  inuctive  gjisois  in  its  chemical  behavior.  Thus,  it  can  be  sub- 
jected to  the  action  of  lead  ohromate,  metallic  magnesium  and 
7.inc  dust  at  extremely  high  temperatures  without  undergoing 
change.  The  only  other  sulistances  which,  at  the  time  oS  the  dis- 
•  Phil.  Mag.,  VI,  4. 370  (1902). 
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wwy  of  the  emanation,  were  known  to  reaifit  the  action  of  theae 
rogentfi  under  the  same  conditions  were  the  gaseous  elements 
bdium,  neon,  argon,  krypton,  and  xenon.  The  most  condusive 
endence  of  the  gaseous  character  of  the  thorium  emanation  is  the 
fact  ihat  it  condenses  to  a  liquid  at  very  low  temperatures. 

Rutherford  and  Soddy  showed  that  the  origin  of  the  thorium 
cmanatioa  is  thorium-X  and  not  the  element  thorium  itself, 
FrwWy  precipitated  thorium  hydroxide  shows  only  a  trace  of 
anatialing  power,  whereas  the  thorium-X  separated  from  the 
Qtnte  possesses  this  power  to  a  marked  d^ree.  As  the  thorium- 
X  gradually  loses  its  emanating  power,  the  hydroxide  shows  a 
corresponding  recovery. 

RatUum  was  found  to  give  off  an  emanation  which  behaves 
amilarly  to  the  thoriimi  emanation  except  that  it  i>art«  with  its 
iclivity  at  a  slower  rate.  The  rate  at  which  the  ratlium  emanation 
is  ptoduced,  together  with  its  longer  life,  enabled  Ramsay  and 
Soddy  •  not  only  to  measure  the  volume  of  the  emanation  obtained 
from  CO  mg.  of  radiiuu  bromide  but  also  to  establish  the  fact  that 
it  crf)c5'8  Boyle's  law. 

The  Active  Deposits.  It  was  discovered  by  Rutherford  t  for 
Itonum,  and  by  M.  tind  Mme.  Curie  t  for  radium,  that  the  cmana- 
tioos  from  these  clcnients  are  capable  of  imparting  radioactivity 
to  surrounding  objects.  On  the  other  hand,  uranium  and  polo- 
aiian,  which  evolve  no  emanations,  luivc  no  such  influence  on  their 
oivifoument.  This  fact  is  taken  as  a  proof  that  induced  radio- 
wixity  i.H  due  to  actual  contact  with  tlic  emanations.  If  a  ncga- 
^cly  charged  platinum  wire  l>e  expased  to  the  thorium  or  radium 
ma&ation,  the  whole  of  its  activity  will  be  concentrated  on  the 
*iPe.  This  so-called  ndive  deposit  may  be  transferred  from  the 
tin*  to  a  piet*  of  sandpaper  by  rubbing.  It  may  be  sublimed 
from  the  wire  to  the  walls  of  the  tube  in  which  it  is  heated,  or  it 
Diay  be  dissolved  from  the  wire  by  means  of  hydrochloric  or  sul- 
phuric acid.  On  evaporating  the  solution,  the  activity  will  be  found 
to  leside  on  the  evaporating  dish.     Microscopic  examination  of 

•  Proc.  Rov.  Soc.  73,  346  (1904). 
t  Phil,  M»K.  VI,  2J,  fi2I  (1911). 
J  Compt.  rendiiB,  IJ9,  714  (1899). 
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the  wire  fails  to  reveal  any  deposit,  and  the  most  sensitive  balaaw 
is  incapable  of  detecting  any  gain  in  weight  after  exposing  the  wire 
to  the  emanation.  The«e  experiments  Uyive  no  room  for  doubt 
that  the  active  deposits  consist  of  infinit4,'sijnti!  amount*  of  wild 
substances  possessing  definite  chemical  properties.  The  acUve 
de|)Osit,s  undergo  a  gradual  loss  of  activity  similar  to  that  observed 
with  the  emanations  and  with  uranium-X  and  tliorium-X. 

The  Disintegration  Hypothesis.  It  was  soon  discovered  tha,^ 
the  active  deposits  undergo  a  scrit^  of  additional  radioacfi 
changes.  These  subsetiuont  transformations  were  found  lo  b^ 
much  more  obscure  and  difficult  to  follow.  In  fact,  it  is  only  be- 
cause: of  Ihc  ing('niiity  anti  nmlhrniiitiral  ncuiiien  of  those  wlio' 
undertook  this  (Ufhrult  rej^earrh  that  we  are  today  in  p04^c»sian  o^ 
such  complete  knowledge  of  the  succeeding  membera  of  the  radio—- 
active  series  of  elements. 

In  I0O.'Jt  Rutherford  and  Sothly  *  brought  forward  their  theory 
of  atomic  disintegration  which  affonls  a  perfectly  satisfactory  in- 
terpretation of  the  complicated  result.^  already  detailciJ,  as  well  «• 
of  the  sub*^:<iuent  changt-ii  in  the  active  de|>osits  to  which  rcference 
has  just  l)een  made.  According  to  this  theory,  radioactive  change 
is  assumed  to  be  due  to  the  spontaneous  disintegration  of  the  raiiio- 
elements  with  concomitant  formation  of  new  elements.  TUeae 
new  elements,  which  are  often  less  stable  than  the  parent  olemoQti 
are  assiuncd  to  undergo  further  di.Hint<!grati(in  \vith  thr  priHluctioo 
of  still  other  cIomcntK<,  the  end  of  the  process  ultimately  being 
reached  when  a  stable  element  is  formed. 

The  Radioactive  Constant.     The  activity  of  a  mdio-«lcmelit 
[decays  exiKinentially  with  time  according  to  the  equation  — 

/.  -  /««-".  (I) 

I  h  is  tlie  initial  activity.  /,  the  activity  at  the  end  of  nn  in- 
terx'al  of  time  (,  X  a  eonstant .  and  r  is  the  base  of  the  natural  system 
of  logarilluna.  The  constant  X.  known  as  the  rmiioactiiv  c«rt«to«i, 
r^>resenls  the  fraction  of  the  total  wnount  of  radioactive  substance 
undergoing  disintegration  in  utiit  of  time,  provided  tlic  latter  is  ao 
small  tliat  the  quantity  at  the  end  of  the  time  imil  is  only  slightly 

•  Fbil  Ma«..  Vl.  9.  R7A  (1903). 
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differpnt.  from  the  initial  quantity.  The  reciprocal  of  the  radio- 
aclivp  constant  is  called  the  average  life  of  the  ek-inenl.  Soddy 
(icfines  the  average  Hfc  of  a  rudio-elcnient  as  "  the  sum  of  the  sepa- 
rate {imods  of  future  existence  of  all  the  individual  atoms  divided 
by  the  tiiimber  in  cxi^tlt-ncn  at  the  starting  point." 

If  Hireprewnt.**  the  nwnber  of  atoms  of  a  radio-element  changing 
ill  iiml  lime  at  the  end  of  a  time  (.  and  no  the  corresponding  value 
when  ( =  0,  equation  (1)  may  be  written 

111   =  Hfltf"^'. 

In  order  to  determine  the  initial  rate  of  change,  let  No  denote  the 
total  number  of  atoms  originally  present,  and  Nt  the  number  re- 
Diaining  unchanged  at  time  (;   we  then  have 

But  when  (  =  0,  A'«  -  X, 

XT  ^ 


Heoce 


Nt  =  AFoc-" . 


Undifferentiating,  we  have 


dt 


-\N, 


m' 


0^p  stated  in  worda,  the  rate  at  which  the  atoms  of  a  radio^ement 
iDderpi  disintegration  at  any  given  time  is  found  to  be  propor- 
tional to  the  total  number  in  existence  at  that  time. 

This  law  of  radioactive  change  is  alw  peculiar  to  unimolecular 

drmiical  reactions  (see  p.  361).     The  velocity  of  a  unimolecular 

rwiction,  however,  is  conditioned  by  the  temperature,  whereas 

the  velocity  of  a  radioactive  change  remains  unaltered  at  the 

b|i|fae.st  and  the  lowest  attainable  temperatures. 

^PXhe  time  required  for  one-half  of  a  radio-clement  to  undergo 

transformation  is  known  as  the  period  of  half  change  T,  and  may  be 

readily  ctlculated  from  X  as  follows:  — 

log(J.5  =  0.4343  xr 
y  ^  0.6932 
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It  has  been  shown  !)y  ( ieigrr  arui  Nuttiill  *  that  the  radioacti 
constant  X  and  the  range  H  of  the  cr-partides  shot  out  from  a  d 
integrating  atom  bear  the  following  empirical  relation  to  ea 
other,  ■ 

X  =  a/2*,  ' 

where  a  and  b  are  constant.9,  the  fonner  ponj*tant  being  charactt 
istic  of  the  particular  radioactive  aeries  to  which  the  element  I: 
long^.     Tills  formula  hius  l>etm  found   useful  in  calculating 
value,'*  of  X  for  the  longest  and  sliorte^st  Uved  elements. 

Radioactive  Equilibrium.  It  is  evident  that  a  state  of  eqi 
librium  rnu.st  ultimately  Im;  attained  among  the  atoms  of  a  radi 
active  sub8tuncc.  When  the  rate  of  [iroductiou  of  a  radio-elerae 
from  ite  parent  element  is  equal  to  its  rate  of  disintegration  in 
the  next  succeeding  element  of  the  series,  the  substance  is  said 
be  in  radioactive  equihbriuni.  The  relative  amounts  of  the  b\ 
cessive  members  of  a  series  of  elements  in  radioactive  equihbrii 
are  inversely  proportional  to  their  radioactive  constant*. 

In  order  that  measurements  of  the  rate  of  radioactive  chan 
may  be  strictly  comparable,  it  is  necessary  to  make  use  of  t 
amounts  which  are  in  equilibrium  with  a  fixed  amount  of  t 
parent  element.  Thus,  the  unit  adopted  for  the  racasim^mcnt 
the  quantity  of  the  radium  emanation  is  the  mass  of  emanation 
equilibrium  with  one  gram  of  radium.  This  unit  is  known  as  t 
curie.  Its  mass  is  Xj/Xa  gram,  where  Xj  and  X;  are  the  radioacti 
constants  of  radium  and  its  emanation  i-espectively.  One  ctu 
of  radium  emanation  niay  l^e  shown  to  occupy  0.63  cu.  mm.  iind 
standard  conditions  of  temperature  and  pressure. 

The  Disintegration  Series-  It  appeai-s  almost  certain  that  t 
thirty  or  more  radio-elements  are  disintegration  products  of  one 
the  other  of  the  two  paRmt  elements,  uranium  or  thorium.  O 
of  the  most  convenient  methods  of  classification  of  these  elemeii 
is  to  arrange  them  in  diMntegration  series,  starting  with  the  pare 
element  and  placing  the  succeeding  elements  in  the  order  of  th( 
production.  The  accompanying  table  shows  the  three  series 
radio-elements  as  thus  arranged  by  Soddy.  The  numbers  with 
the  circles  are  the  atomic  weights  of  the  elements,  while  the  axm 
•  Phil.  Mag.,  VI,  aa,  613  (IttU). 


RADIOACTIVITY 
TABLE  SHOWING  DISINTEGRATION  SERIES 


53 


Jl     3     = 

a  j:^  j:  IS  ^S  1;^  P^  Hs  ^li    ^  ^s  1 


5^   ss    e»v    „!;   pii 

Is  h  I:  I:  11  Si 


tie 


|ni^o|         o^     D"      uJ.,    UL^ 


circles  and  dots  at  the  right  of  the  larger  circles  indicate  the  char- 
acter of  the  radiation  given  out  at  each  stage  of  the  di&iotegratioo 
process.  The  average  life,  l/\,  of  each  element  in  tlie  Heries  is 
given  below  Uie  name  of  the  element.  While  a  detailed  account 
of  the  properties  of  the  difTerent  radio-elementa  included  in  this 
ible  cannot  be  given  here,  attention  should  be  called  to  the  com- 
plex tronsfonuationfl  ocieurring  in  the  active  deposit.  It  is  ako  uf 
intenjst  to  observe  that  the  end-products  of  the  three  scries  bear  a 
striking  resemblance  to  the  element  lead  and  tlmt  their  atotmn 
weights  are  approximately  equal  and  nearly  identical  with  that 
of  ordinary  lead. 

Counting  the  a-ParticIes.  It  has  already  been  stated  that 
when  an  at-particle  strikes  a  screen  coated  with  phosphon^s(vut 
zinc  sulphide,  a  distinct  flash  of  light  may  be  seen  when  the  screen 
is  viewed  through  a  magnifying  lens  in  a  dark  room.  It  is  obvious 
that  if  one  could  count  the  number  of  these  scintillations,  it  would 
be  an  easy  matter  to  ascertain  the  total  number  of  a-parlides 
shot  out  from  a  radioactive  substance  in  a  given  time.  By  using 
a  phosphorescent  scretm  and  a  microsco|w,  Regeiier*  has  deter- 
mined iu  this  manner  the  rate  of  emission  of  a-particles  from 
polonium.  He  found  from  bis  different  experiment^}  an  average 
emission  of  3.94  X  10*  «-particles  per  second.  The  total  churgp 
on  the  o-particlca  was  then  measured  by  collecting  them  in  a  smt- 
able  measuring  vessel.  A  charge  of  37.7  x  1(M  clectroe<tAtic 
units  was  found  to  be  associated  with  the  total  number  of  o- 
particlcs  emitted  by  polonium  in  one  second. 

Rutherford  and  Geiger  t  de\iaed  an  cicclrical  method  for  count- 
ing the  a-particles.  In  their  experiment  the  source  of  the  o- 
particles  was  a  smalt  disc  which  had  been  exposed  to  the  rjidium 
emanation  for  some  hours.  This  disc  was  placed  in  an  evacuated 
btube  at  a  measured  distance  from  a  small  a|)erturc  of  known  cros»- 
^section.  The  aperture  was  closed  with  a  tliin  plate  of  mica  through 
which  the  a-particles  could  pass  with  eaae.  After  pato^ing  through 
the  mica  plate,  the  a-particles  entered  an  ionization  eharaber 
filled  with  air  at  reduced  pnswure  and  fitte<l  with  two  charged 


*  8itxiiiubcrioht  d.  K.  fircuHs  Akml,  38.  0-18  (lOOD). 
1  Proc.  Roy.  800.  A,  81.  Ul  (1908). 
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metal  plates  connpctw!  with  appr(]priMto  itpparahix  fnr  measuring 
ioaimtion  furanits.  WhcnevrT  an  n-piirliclr  entrreil  the  ioniza- 
tion chamber,  a  momentarj'  current  pa±»ed,  producing  a  sudden 
defiet'tiun  of  the  needle  of  Ihe  I'lectrometer.  By  <:ountinj?  the 
atmiber  of  ihro\>-s  of  the  needle  occurring  in  a  defintt<."  intcrviil  of 
tiiDe,  the  total  number  of  o-particlcs  passing  through  the  ionizAtion 
chamber  was  <leterniiued.  Knowing  the  tUMtance  of  the  source 
of  the  radiations  from  the  aperture,  together  with  the  area  of  the 
iperture,  the  total  number  of  ct-particles  emitted  by  the  radio- 
active dise  in  a  given  time  could  be  computc<l.  Rutherford  and 
Geiger  thus  found  that  one  gram  of  radium  cmitH  verj'  nearly 
107  X  10"  o-porticles  per  year.  Having  determined  the  total 
twanber  of  ct-particles  cmitt^dj  it  only  remained  to  measure  the 
lotol  charge,  iu  order  to  calculate  the  charge  carried  by  a  single 
»partiele.  From  a  series  of  veo*  consistent  measurements,  Uie 
(tu^Se  carried  by  a  single  a-particle  was  found  to  be  9.3  X  10"" 
efectrostatic  uuits.  Since  the  fundamental  chai-ge  c  has  been 
liowB  to  be  4.48  x  10""  electrostatic  units,  it  follows  that  the 
tt-particio  carries  two  ionic  charpes  of  electricity. 

Helium  Atoms  and  a-Particles  Identical.     In  19U9,  Uuther- 

M  and  Royds  •  performed  a  crucial  experiment  to  determine  the 

Qaltire  of  the  a-particle.     A  ghvss  bulb  wa.s  blown  with  walls  tliin 

fioiHjgh  lo  permit  the  passage  of  the  or-piirticles  but  sufficiently 

<ft>ng  to  withstand  atmospheric  pressure.     Tlie  bulb  was  filled 

Wh  radimu  emanation  and  then  endowed  in  an  outer  glass  tube 

to  wliiuh  a  spt^ctrutn  tube  liad  Ixx^n  .sealed.     On  exhausting  the 

outer  tulx!  and  examining  the  s|>ectrum  of  the  residual  gas,  no 

evidence  of  helium  was  obtained  until  aft^r  an  interval  of  twenty- 

four  hours.     After  four  days  the  characteristic  yellow  and  green 

lines  were  plainly  visible  and  at  the  end  of  the  sixth  day,  the  com- 

I^ete  spectrum  of  helium  was  obtained.     The  unavoidable  «>n- 

dusion  from  tliis  experiment  is,  that  the  presence  of  hehutu  in  the 

outer  tube  must  have  been  due  to  the  o^particles  which  were 

projecte<I  through  the  thin  walls  of  the  inner  tube.     In  another 

experiment,  the  inner  tube  was  filled  with  pure  hcHum  under 

pressure  while  the  cxhaiist-ed  outer  tube  was  examined  for  hcUum. 

'  PhU.  Mag.,  VI,  17,  281  (1909). 
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No  tra<!ft  of  helium  couUl  be  defected  siK-ctroscopictally  even  after 
an  interval  of  several  days,  thus  proviiifj;  that  the  helium  detect<Mi 
in  the  first  experiment  must  have  resulted  from  the  a-particles 
which  had  been  shot  out  from  the  radium  emanation  with  Hufficicnt 
energy  to  penetrate  the  thin  walls  of  the  inner  tube.  Thetw!  experi- 
ments leave  no  room  for  doubt  that  an  a-pailiclc  becomes  a 
helium  atom  when  its  pOi^itive  charge  is  neutralized. 

Rate  of  Production  of  Helium.  Tbe  rate  of  production  of 
heliuin  from  the  series  in  equilibrium  with  one  gram  of  radium 
has  been  determined  experimentally  by  Rutherford  and  Bolt- 
wood*  to  be  156  eu.  ram.  per  year.  This  result  agrees  closely 
with  the  calculated  rate  of  production,  viz.,  158  cu.  mm.  per  gram 
of  radium  per  year. 

Energy  Evolved  by  Radium.  Curie  and  Laborde  f  were  the 
first  to  call  attention  to  the  interesting  fact  that  the  temperature 
of  radium  compounds  was  uniformly  higher  than  that  of  their 
environment.  Careful  measurements  have  shown  that  one  gram 
of  radium  evolves  heat  at  the  rate  of  approximately  135  gram- 
calories  per  hour.  That  the  greater  part  of  this  heat  energy  is  due 
to  the  o-partlclcs  may  be  proven  by  a  direct  calculation  of  their 
mean  kinetic  energy.  The  magnitude  of  the  store  of  energy  con- 
tained in  radium  may  be  realized  from  the  statement,  that  one 
gram  of  radium,  before  it  entirely  disappears,  evolves  an  amount 
of  heat  energ.v  nearly  one  railUou  times  greater  than  that  evolved 
in  the  formation  of  one  gram  of  water  from  it«  elcmentfi. 

*  Phil.  MttK.,  VI,  22,  686  (1911). 
t  Compt.  rendufi,  156,  673  (1004). 


CHAPTER  V. 

ATOMIC  STRUCTURE. 

The  Modem  Conception  of  Atomic  Structure.  >  As  a  result  of 
thf  inviistigfttions  of  ThomHon,*  Kutherford.t  Nicholson, J  Bolir.§ 
and  othcre,  a  theory  of  atomic  structure  has  been  developed  which 
affordd  a  sati:jfactory  interpretation  of  many  of  the  impoi-tant 
relationships  among  the  chemical  elements. 

Briefly  stated,  this  theory  assumes  that  the  atom  consists  of  a 
central,  positively  charged  nucleus,  surrounded  by  a  miniature 
solar  system  of  clectroai.  The  investigations  of  Uutherford  and 
Geigerll  show  that  tho  charact^^r  of  the  deflection  of  a-particles 
shot  out  from  ra<iioactive  atoms  at  speeds  approximating  20,000 
miles  per  second,  and  consequently  completely  penetrating  other 
atoms,  is  such  as  to  indicate  an  extremely  high  concentration  of 
positive  electricity  on  the  central  nucleus.  The  central  nucleus 
which  is  supposed  to  represent  nearly  the  entire  mass  of  the  atom, 
is  thought  to  be  ver>'  small  in  comi>arison  with  the  size  of  the  atom 
as  a  whole.  Ilecent  invesligatioiLs  timke  it  apt>ear  probable  that 
the  maximum  diameter  of  the  nucleiu  of  the  hydrogen  atom  is 
about  one  one-hundred-thoimandth  of  the  diameter  commonly 
attributed  to  the  at-om.  In  commenting  on  this  statement,  Har- 
Idns  says:f  —  "On  this  basLs  the  atom  would  have  a  volume  a 
million-billion  times  larger  tlian  that  of  its  nucleus,  and  thus  the 
nucleus  of  the  atom  is  much  smaller  in  comparison  with  the  size 
of  the  atom  than  is  the  sun  when  compared  with  the  dimensions 
ol  its  planetary  system."  Ifis  highly  probable  that  the  central 
nucleus  is  itself  made  up  of  a  definite  number  of  units  of  positive 
electricity  together  with  a  small  number  of  attendant  electrons. 

'  Phil.  Ma^.,  7,237  (IW4). 

t  PopiilttT  Soif-noc  Mcinthly.  87,  105  (1915). 

t  Phil.  Mag.,  aa,  864  (1011). 

i  Phil.  Mtm.,  »6,  476,  857  (1913). 

II  Phil.  Mag,  31,  cm  (Iflll). 

i  Sciuncp,  66,  41»  (1917). 
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II  is  further  assumed  that  the  units  of  positive  electricity  are 
hydrogen  atuiiis,  each  of  wtiich  has  heeii  deprived  uf  one  eleciroii. 
If  the  mass  of  au  al-oiii  is  largely  due  to  the  presence  of  liydrogen 
nuclei,  then  we  should  expect  Proul's  hypothesis  to  hold  and  the 
atomic  weights  of  the  elements  to  Im  exact  nmltiplcH  of  tiie  atomic 
weight  of  hy<lrogen.  When  we  consider,  however,  that  according 
to  electromagnetic  theor>'  the  total  mass  of  a  Ixxly  i-omixised  of 
positive  and  negative  miits  is  Ueijendent  upon  the  relative  (Mjsi- 
tions  of  these  units  when  packed  together,  it  is  evident  thai  the 
mass  of  the  atom  wll  not  necessarily  lie  an  exact  multiple  of  the 
mass  of  the  hyiirogcn  atom. 

It  has  alrc^Kly  been  pointed  out  that  heUum  is  a  product  of 
many  radioactive  transformations.  This  fa<^rt  may  Ix-  taken  as  an 
indication  of  the  extraordinary  stabihty  of  the  helium  atom.  Be- 
cause of  its  stability,  the  nucleus  of  this  atom  hiLs  come  to  be  con- 
sidered as  a  secondary  unit  of  positive  electricity.  Thf  nucleus 
of  the  helium  atom,  or  the  nucleus  of  an  or-particle  is  assumed  to 
consist  of  four  hydrogen  nuclei  with  two  nuclear  electrons. 
V  The  Atomic  Number.  Since  the  algebraic  sum  of  the  positive  ■ 
and  ne^tive  electrification  on  an  atom  must  be  zero,  it  follows 
that  the  charge  resident  u[)on  the  nucleus  must  be  equal  to  the 
number  of  electrons  outside  the  nucleus.  This  number,  which  hoB 
come  to  be  recognized  as  more  import-ant  and  characteristic  than 
the  atomic  weight,  is  known  as  the  atomic  number. 

X-Rays  and  Atomic  Structure.  The  discovery  by  W.  L.  Bragg 
in  1912  that  X-rays  undergo  reflection  at  crj'stal  surfaces  and  the 
subsequent  development  by  Mr.  Bragg  and  his  father,  W.  H.  Bragg, 
of  the  X-rays  pectrometer,  has  led  to  a  aeries  of  investigations  of 
the  utmost  imiwrtance  to  both  the  chemist  and  the  phj-sicist. 

In  order  thai  the  significance  of  these  investigations  may  be 
nnderslocul  it  may  be  well  to  summarize  very  briefly  some  of  the 
more  ini|)or1unt  properties  of  the  X-ray. 

l-hc  bombardment  of  metal  plates,  usually  of  platinum,  by  elec- 
trons gives  rise  to  X-rays.  The  radiation  issuing  from  an  X-ray 
tulie  is  very  far  from  homogeneous.  When  screens  of  iliffereut 
material."^  and  varv-ing  thicknesses  arc  interposed  in  the  path  of 
the  ray.s,  the  degree  of  absorption  is  irrt^ular.     It  has  been  found, 
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however,  that  every  substance  when  properly  stimulated  is  capable 
of  emitting  a  homogeneous  and  characteristic  X-radiatiou,  the 
penetrating  power  of  which  is  wholly  determined  by  the  nature  of 
the  elements  of  wliich  tlio  substance  is  conipo''ftd.     The  pene- 
iraling  power  of  this  typical  X-radiation  incrcA'^ps  with  the  atomic    ^_ 
weight  of  the  radiating  element.     With  elements  whose  atomic    H 
waghU  are  less  than  24,  the  radiation  is  too  feeble  to  be  measured. 
It  is  important  to  note  that  tliis  property  of  the  elements  is  not  a 
periodic  function  of  the  atomic  weight.     This  type  of  X-radiation 
is  entirely  independent  of  external  conditions,  indicating  that  it    fl 
isdoaely  connected  with  the  internal  structure  of  the  atoms  from    ^ 
i^ch  it  emanates.    The  rays  poasess  the  power  of  affecting  the 
pbotographic  ptat-e  and  also  of  rendering  gase:^  through  which  H 
Ifcey  pass  conductors  of  electricity.  " 

It  J8  estimated  that  the  wave-Iengt  h  of  an  X-ray  is  about  1  x  10"* 
tol  X  10-*  cm.,  or  about  one  ten-thousandth  of  the  wave-length 
of  sodium  Ught.  It  is  obvious  that  the  spacing  of  the  lines  of  a 
psting  capable  of  diffracting  such  short  waves  must  be  of  the 
wderof  magnitude  of  intemiolecular  dist^uices.  It  is  well  known 
^  a  grating  owes  its  power  of  analyzing  a  complex  system  of  ^ 
%ht  waves  into  its  component  wave-trains,  io  the  series  of  paral-  H 
lei  tines  which  arc  niled  upon  it-s  surface  at  exactly  equal  intervals.  ~ 
HTien  a  train  of  waves  is  incident  upon  a  grating,  each  line  acta 
u  a  center  from  which  a  diffracted  train  of  waves  emerges. 

Such  a  grating  is  relatively  simple  in  itjj  action  since  it  consists 

of  a  single  series  of  centers  of  diffraction  lying  in  one  plane.    The 

power  of  a  crystal  surface  to  reflect  X-rays,  however,  is  due  to  the 

filet  that  the  crj'stal  is  in  reality  a  three-dimensionitl  diffraction 

pating,  the  atoms  or  molecules  of  which  the  crystal  is  built  up, 

acting  a-s  the  centers  of  diffraction.     It  must  bf;  borne  in  mind  that 

the  reflection  of  X-rays  is  in  no  way  dependent  upon  the  existence 

of  a  polished  surface  on  the  outside  of  the  crystal,  but  rather  upon 

the  regularly  spaced  atoms  or  molecules  within  the  crystal.    To 

ordinarj'  waves  of  liglit  the  atomic  structure  is  so  fine  grained  as 

to  beliavc  as  a  continuous  medium,  whereas  to  the  short  X-ray 

waves,  the  crystal  acts  iis  a  discontinuous  structure  of  regularly 

arranged  particles,  each  of  which  functions  as  a  diffraction  center. 
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X-Ray  Spectra.  By  making  use  of  the  reflecting  power  of  one 
of  the  cleavage  planes  of  a  crystal,  and  employing  different  metals 
as  anti-cathodes  in  an  X-ray  tube,  Moseley  *  succeeded  in  photo- 
graphing the  X-ray  spectra  of  the  characteristic  radiations  of  a 
number  of  the  elements.  He  showed  that  the  X-ray  spectrum  of 
an  element  is  extremely  simple  and  consists  of  two  groups  of  lines 
known  as  the  "K  "  and  "L  "  radiations.  As  a  result  of  careful 
study  of  the  "  K  "  radiations  of  thirty-nine  elements  from  alumin- 
ium to  gold,  Moseley  discovered  that  these  radiations  are  char- 
acterized by  two  well-defined  hnes  whose  vibration  frequency  w 
is  connected  with  the  atomic  number  of  the  element  N^  by  the 
simple  relation  v  ^  A  (N  -  \)* 

where  ^  is  a  constant.  When  the  square  roots  of  the  frequendeB 
of  the  elements  are  plotted  as  abscissse  gainst  their  atomic  num- 
bers as  ordinates, 
the  points  are  found 
to  lie  on  a  straight 
line  as  shown  in  Fig. 
11.  On  the  other 
hand,  if  the  square 
%  roots  of  the  frequen- 
ts cies  are  plotted 
I  against  the  atomic 
<■  weights  of  the  ele- 
ments, the  relation- 
ship is  no  longer  rec- 
tilinear. When  the 
elements  are  ar- 
ranged in  the  order 
of  theiratomic  niun- 
bersinsteadof  in  the 
order  of  their  atomic  weights,  the  irregularities t  hitherto  noted  in 
connection  with  argon,  cobalt,  and  tellurium  entirely  disappear. 
In  reviewing  Moseley 's  work  on  X-ray  spectra,  Soddy  X  says:  — 

•  Phil.  Ma*;..  36,  210  (1913);  27,  703  (1914). 

t  Seep.  29. 

}  Ann.  Reports  on  the  Prog,  of  Chenustry,  p.  278  (1914). 
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"A  verit&ble  roll-call  of  the  clciucnts  has  been  made  by  this 
method.  Thirty-nine  elements,  with  atomic  weights  between 
those  of  aluminium  and  gold,  have  been  exan^ined  in  this  way,  and 
ineverj'  case  the  Unes  of  the  X-ray  spectrum  have  been  found  to 
be  simply  connected  with  the  integer  that  represents  the  place 
uagned  to  it  by  chemists  in  the  periodic  tabic." 

One  of  thn  most  interesting  results  of  this  "roll-call  "  of  the 
i4naentfiiB  the  fixing  of  the  numlx^r  of  possible  rare-earth  elements. 
Between  barium  and  tantalum  there  are  places  for  only  fifteen 
rwe-earth  element*s  and  fourteen  of  theso  places  are  filled.  ^\nule 
future  investigation  may  necessitate  some  rearrangement  in  the 
Oftlerof  tabulation,  the  total  number  of  these  elements  is  limited 
to  fifteen. 

Periodicity  among  the  Radio-elements.  The  problem  of  plac- 
ing the  newly  discovered  radio-elements  in  the  periodic  table  re- 
mained un8olve<l  until  1913,  when  Fajans*  and  Soddy.f  working 
ifidcpeadently,  discovered  an  important  generalization  concerning 
tie  changes  in  chemical  proj>erties  resulting  from  the  expulsion  of 
•■  and /^-particles  during  radioactive  transformation.  This  import 
t*nt  generalization  may  be  stated  as  follows:  —  The  expulsion  of 
11  a-particU  causes  a  radioaclivc  element  to  shift  its  position  in 
^  periodic  table  livo  places  in  the  direction  of  decreasing  atomic 
•wiffA/,  whereas  the  emission  of  a  ^particle  causes  a  shift  of  one 
^t  in  the  opposite  direction.  This  geneialization  not  only  agrees 
■ith  our  present  thcorj'  of  atomic  structure,  but  may  be  shown 
to  be  ft  necessary  consequence  of  this  theory. 

Tlie  loss  of  an  o-particlc  or  helium  atom  involves  a  loss  of  4 
"iiity  in  atomic  weight  and  of  2  units  of  positive  electricity  from 
"K  nucleus  of  the  atom.  In  consequence  of  this  loss,  the  atomic 
Binober  is  dimini.'shed  by  2  units  and  the  resulting  new  element 
*ffl  find  a  place  in  the  periodic  tabic  two  groups  to  the  left  of  that 
*oipied  by  the  parent  element.  On  the  contrary,  wliile  the 
ccpulsion  of  a  0-particle,  or  electron,  involves  practically  no  change 
BinaBB,  the  nucleus  of  the  parent  atom  suffers  a  loss  of  1  unit  of 
^pitive  electricity.    This  Ions  is  equivalent  to  a  gain  of  1  unit  of 

•  Phyjokal.  Zelt.,  14,  l!)  (1!>13). 
t  Chem.  Nen-8,  107,  97  (1013). 
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positive  electricity,  or  to  an  increase  of  1  unit  in  the  atomic  number, 
ami  in  couaequence,  the  position  of  the  new  element  in  the  pcriotUc 
table  will  be  shifted  one  gi'oup  to  the  right  of  that  occupied  by  the 
pai-ent  element. 

Soddy'a  arrangement  of  all  of  the  radio-elements  in  accordance 
with  this  generalization  is  shoft-n  in  Fig.  12  Thus,  starting  with 
the  element  uranium  in  Group  VIA,  we  may  follow  the  successive 


steps  in  the  radium  disintegration  series  which  was  discussed  in 
.the  preceding  chnptor.  The  element  I'^Xi  re-sulting  from  U  by 
rthe  loss  of  an  u-partielc  is  placed  in  Group  FV'A.  This  element  in 
turn  imdergous  a  /3-ray  change  producing  the  element  UX|  which 
is  accordingly  placed  in  Group  VA.  The  nlement  VX\  in  Group 
\'TA  is  formed  from  UXj  by  j3-ray  disintegration,  wlale  the  ele- 
ment lo  results  from  the  loss  of  an  o-particlc  by  UII  with  a  con- 
luent  shifting  of  two  places  to  the  left  in  the  table.  A  similar 
of  an  a-particic  by  lo  brings  us  to  the  element  Rii  in  Group 
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ILi  In  the  sucoeaaive  steps  of  this  disint-^'gnition  from  U  to  ila, 
tluwu-particles  or  12  units  of  atoniic  mass  arc  loat,  and  the  atomic 
wtighl  of  Ila,  ail  calculated  from  that  of  U,  agrees  mth  llie  atomic; 
wogfat  found  by  direct  experiment.  In  like  manner  the  remain- 
ing stages  of  the  diaintegratioii  may  be  followed  to  the  end-product 
in  Group  IVB. 

Isotopes.  Perhaps  tliR  itiost  striking  feature  in  the  table  is 
tlw  occurrence  of  several  different  olenwrit^  in  the  samo  piaffe,  as 
for  example  in  Group  IVB,  where  in  the  place  occupied  by  the 
^mtm  Ph,  wc  also  find  RaB,  RaD,  ThB,  and  AcB,  together 
*ith  four  other  elements  to  which  no  names  have  been  a^.signcd, 
but  wliich  are  none  the  le-ss  stable  en(l-i)ro(iucrtji.  The  individual 
members  of  such  a  group  of  elements  occupyitip  tlic  same  place  in 
tl»  periodic  table,  and  being  in  consequence  chemically  identical^ 
Wt  known  as  imtvpes.  Isotopic  ciements  have  identical  arc  and 
qiark  spectra  and,  except  for  differences  in  atomic  weight,  are 
duaiirAJIy  indistinguishable. 

Making  use  of  the  fact  that  two  gaseous  elements  having  differ- 
ent atomic  weights  diffuse  at  different  rates,  Thomson  and  Aston 
kve  recentlj'  suceee<le<I  in  srparating  neon  into  two  isotopes 
baring  atomic  wtrightj*  20  and  22  respe<_*tivel}*.  This  is  the  only 
method  which  has  thus  far  given  promise  of  success  in  effecting 
kHopic  separations. 

Jt  is  interesting  to  note  in  Soddy'a  table  (Fig.  12),  that  "the  ten 
occupied  spaces  (groups)  contain  nearly  forty  distinct  elements, 
whereas  if  chemical  analysis  alone  had  been  available  for  their 
recognition,  only  ten  elements  could  have  been  distinguished." 

The  Hydrogen-Helium  System  of  Atomic  Structure.  A 
gjeneralization  similar  to  that  just  outlined  for  the  radio-elements 
hubecn  found  by  Harkins  and  Wilson  *  to  hold  true  for  the  lighter 
elements  which  apparently  do  not  undergo  appreciable  a-ray  dis- 
integration. Beginning  with  helium  and  adding  4  units  of  atomic 
weight  for  each  increase  of  2  units  in  the  atomic  nmnber,  gives  the 
atomic  weights  of  the  elements  in  the  even-numbered  groups  of 
the  periodic  table,  neglecting  small  changes  in  mass  due  to  nuclear 
packing.  This  rule  has  been  found  to  hold  very  closely  for  all  of 
the  elemcnta  having  atomic  weight.s  below  t3U. 

♦  Proc.  Nat.  Acad.,  Vol.  I,  j).  276  (1915). 
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The  atomic  weights  of  the  elements  of  the  odd-numbered  grouj^ 
can  be  calculated  by  a  similar  niEc,  provided  that  the  atom  o£ 
lithium,  the  first  member  of  the  odd-numbered  groups,  be  assumec^ 
to  be  made  up  of  1  hydrogen  and  3  lielium  nuclei.  The  following; 
table  gives  the  results  as  calculated  by  Harkins  anti  Wilson  for  the* 
first  thi*ee  series  of  the  periodic  table. 

The  so-called  theoretical  atomie  weights  are  cjilculated  on  th^ 
basis  H  =  1,  while  the  experimentally  determined  values  are  oi»- 
the  basis  O  =  10  or  H  =  1.0078.     The  remarkably  close  agree- 
ment between  the  two  sets  of  values  is  taken  as  an  indication  that- 
the  packing  effect,  resulting  from  the  formation  of  the  element* 
from  hydrogen  nuclei  and  attendant  electrons,  is  very  anriall. 
This  packing  effect  has  been  estimated  to  involve  a  decrease  ia 
atomic  mass  of  about  0.77  per  cent,  and  is  believed  to  be  dufr 
ahnost  entirely  to  the  formation  of  the  helium  atom.     The  hydro- 
gen-helium hypothesis  of  atomic  structure  offers  a  rational  ex- 
planation of  many  interesting  but  hitherto  obscure  facta  concern- 
ing the  nature  of  the  element*. 

Relation  between  Atomic  Weights  and  Atomic  Numbers.  For 
aU  elements  whose  atomic  weights  arc  less  than  that  of  nickel, 
Harkins  finds  the  following  simple  mathematical  relation  to  hold, 

where  W  is  the  atomic  weight  and  .V  is  the  atomic  number.  In 
other  words,  the  atomic  weights  are  a  linear  function  of  the  atomio 
numbers. 
^  The  Periodic  Law.  In  the  light  of  recent  discoveries  the 
periodic  law  acquires  new  significance;  in  fact  to-day  the  periodic 
law  may  l)e  regarded  as  the  most  comprehensive  generalization  in 
the  whole  science  of  chemistry. 

Attention  has  already  born  directed  in  an  earlier  chapter  to  the 
most  apparent  of  the  imperfections  in  Mendeleeff's  system  of 
cba£sification  of  the  elements.  While  the  later  tables  are  more 
compleU?  tlian  the  original,  owing  in  part  to  the  discovery  of  new 
elements,  it  must  be  admitted  nevertheless  that  relatively  little 
real  progress  has  been  made  until  recently  toward  removing  the 
seemingly  inherent  defects  of  the  system. 
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A  satisfactory  periodic  table  sbovild  meet  the  following  require- 
ments: — 

(1)  It  should  afford  a  place  for  isotopic  clomcnfe  such  as  lead. 

(2)  The  radio-clcmcnte  togetlier  with  their  a-  and  |S-<iiainte- 
gration  produetn  should  be  shown. 

(3)  It  should  contain  no  vacant  spacer  except  those  correspond- 
ing to  the  atomic  numbers  of  undi.scovcred  eloment.s. 

(4)  It  should  brinp;  out  the  rolulion  l^etwcen  the  elements  con- 
stituting a  main  group  and  those  forming  the  corresponding  sub- 
group. For  example,  the  relation  between  the  elements  Be.  Mg, 
Ca,  Sr,  Ba,  and  Ila  on  the  one  hand,  and  the  elements  Zn,  Cd,  and 
Hg  on  the  other,  should  be  emphasized. 

(5)  The  elements  of  Group  O  and  Group  VIII  should  fit  natu- 
L  rally  in  the  table. 

(8)  All  of  the  foregoing  conditions  should  be  shown  by  means  of 
a  continuous  curve  connecting  the  elements  in  the  order  of  their 
atomic  numbers,  the  latter  having  been  shown  to  be  more  charac- 
teristic of  an  element  than  its  atomic  weight. 

A  table  which  satisfactoi-ily  meets  these  requirements  has  re- 
cently been  devised  by  Harkina  and  Hall.  This  table  may  be 
constructed  in  the  form  of  a  helix  in  space  or  as  a  spiral  in  a  plane. 
The  following  description  of  the  helical  arrangement,  shown  in 
Fig.  13,  is  taken  verbatim  from  the  original  paper  of  Harkins  and 
Hall.* 

"The  atomic  weights  arc  plotted  from  the  top  down,  one  unit  of 
atomic  weight  being  represented  by  one  centimeter,  so  the  model 
is  about  two  and  one-half  meters  high.  .  .  . 

"The  ball:^  representing  the  elements  are  supposed  to  be  strung 
on  vertical  rods.  All  of  the  elements  on  one  vertical  rod  belong  to 
one  group,  have  on  the  whole  the  same  maximum  valence,  and  are 
represented  by  the  same  color.  The  group  numbers  are  given  at 
the  bottom  of  the  rods.  On  the  outer  cylinder  the  electro-nega- 
tive elements  are  represented  by  black  circles  at  the  back  of  the 
cylinder,  and  electro-positive  elements  by  whit«  circles  on  the  front 
of  the  cylinder.  The  transition  elements  of  the  zero  and  fourth 
groups  are  repivi^nted  by  circles  which  are  half  black  and  half 
*  Jour.  Am.  Chem.  Soc.,  38, 160  (1016). 
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white.  The  inner  loop  elements  are  intermediate  in  their  proper- 
ties. Elements  on  the  back  of  the  inner  loop  are  shown  as  heavily 
shaded  circles,  while  those  on  the  front  are  ahaded  only  slightly. 
"In  order  to  understand  the  table  it  may  be  well  to  take  an 
imaginary'  journey  down  the  helix,  beginniug  at  the  top.  Hydro- 
gen (atomic  numlwr  and  atomic  weight  =  I )  stands  by  itself,  and 
is  followed  by  the  first  inert,  zero  group,  and  zero  valent  element 
helium.  Here  there  comes  the  extremely  sharp  break  in  chemical 
properties  with  the  change  to  the  strongly  positive,  univalent 
element  lithium,  followed  by  tln^  somewhat  less  positive  bivalent 
element,  berj'llium,  and  the  third  group  element  boron,  with  a 
positive  valence  of  three,  and  a  weaker  negative  valence.  At  the 
extreme  right  of  the  outer  cylinder  is  carbon,  the  fourth  group 
transition  element,  with  a  positive  valence  of  four,  and  an  equ^ 
negative  valence,  both  of  approximately  equal  strength.  The 
first  element  on  the  back  of  the  cylinder  is  more  negative  than 
positive,  and  has  a  positive  valence  of  five,  and  a  negative  valence 
of  three.  The  negative  properties  increase  until  Huorine  is  reached 
and  then  there  is  a  sharp  break  of  properties,  with  the  change  from 
the  strongly  negative,  univalent  element  fluorine,  through  the  zero 
valent  transition  clement  neon,  to  the  strongly  positive  sodium. 
Thus  in  order  around  the  outer  loop  the  second  aeries  of  elements 
are  aa  follows:  — 

Group  number 0  1  2  3  4  6  6 

Maximum  valeaoe ...  0  1  2  3  4  5  6 

Ekment He  Li  B«  B  C  N  0 

Atomic  Dumber 2  3  4  5  6  7  8 

"After  these  comes  neon,  which  is  like  hehum,  sodium  which  is 
like  hthium,  etc.,  to  chlorine,  the  eighth  element  of  the  second 
period.  For  the  third  period  the  journey  is  continued,  still  on 
the  outer  loop,  with  argon,  potassium,  calcium,  scandium,  and 
then  begins  with  titanium,  to  turn  for  the  first  time  into  the  inner 
loop.  Vanadium,  chromium,  and  manganese,  which  comes  next, 
are  on  the  inner  loop,  and  thus  belong,  not  to  main  but  to  sub- 
groups. This  is  the  Jirai  appearance  in  the  system  of  suh-i^roup 
elements.  Just  beyond  manganese  a  catastrophe  of  some  sort 
eeems  to  take  place,  for  bore  three  elements  of  one  kind,  and  ther^ 


fore  bclongJDR  to  one  group,  are  depcsited.  The  eighth  group  in 
this  table  takes  the  place  on  the  iniior  loop  which  the  rare  gases  of 
the  atmosphere  fill  on  the  outer  loop.  The  eighth  group  is  thus  a 
sub-group  of  the  zero  group. 

"Aft«r  the  eighth  group  elements,  which  have  appeared  for  the 
firet  time,  come  copper,  zino,  and  gallium;  and  with  germanium,  a 
fourth  group  elemeut,  the  hehx  returns  to  the  outer  loop.  It  then 
piBom  through  arsenic,  selenium,  and  bromine,  thus  completing 

the  first  long  period  of  18  elements.     Following  this  there  comes  a 

second  long  period,  exactly  similar,  and  also  containing  18  elements. 
"The  relations  which  exist  may  be  shown  by  the  following 

natural  classification  of  the  elements.    They  may  be  divided  into 

cycles  and  periudb  as  follows: 

Tabub  I. 
Cycle  1  ^  4*  clomcntn. 
lal  ehon  period   .  He  —  F=8  =  2X2»  pigments. 

2Dd  short  period Ne  —  CI-    8  =  2X2>  clemeoto. 

Cycle  2=6*  elementa. 
1ft  long  period  A  —  Br  =13-2X3'  elementa. 

2nd  long  pKyiod  Kr  —  I  -  18  =-  2  X  3*  elementa. 

Cycle  3  =-  8*  elementa. 
iBt  ver>-  long  period    ...    Xc  —  Eka-l  =  32  »  2  X  4»  elements. 
2nd  verj*  long  iieriod ....    Nt  —  V 

"The  last  very  long  period,  and  therefore  the  last  cycle,  is  in- 
tomplcte.  It  will  be  seen,  however,  that  these  remarkable  relations 
«v  perfect  in  their  regularity.  These  arc  the  relations,  too,  which 
ttistin  the  completed  system*  and  are  not  like  many  false  nu- 
nerical  ayst^^ms  which  have  been  proposed  in  the  past  where  the 
Mppooed  relations  were  due  to  the  counting  of  blanks  which  do  not 
Wrespond  to  atomic  numbers.  This  pecuUar  relationship  is  un- 
ffcubtedly  connected  with  the  variations  in  structure  of  these  com- 
plex elements,  but  their  meaning  will  not  be  apparent  until  we 
know  more  in  regard  to  atomic  structure. 

•  If  t-leraenU  of  atomir  weiKhle  twti  nnd  three  arc  ever  disoovorcd  then  the 
Wo  cycle  would  contain  2*  t>!ftnipnts,  and  period  number  one  should  then  bo 
mii  to  begin  with  Ulhium.  Such  extra jKilntian,  however,  ia  an  uncertain 
for  the  prediction  of  aucb  elemeuta. 
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"Tho  first  cyclp  of  two  sliort  periods  is  mode  up  whol!3'  of  outer 
loop  or  main  group  elements.  Eiich  of  the  long  periods  of  the 
second  cycle  is  made  up  of  main  and  of  sub-group  elements,  and 
each  period  contains  one  eighth  group.  The  only  complete  very 
long  period  is  mmie  up  of  nniin  and  of  sub-group  elements,  con- 
tains one  eighth  group,  and  would  be  of  the  same  length  (18  ele- 
ments) as  the  long  i^riods  if  it  were  not  lengthened  to  32  elements 
by  the  inrliL'^ion  of  Iho  rare  eartlia. 

"The  first  long  [Kriod  in  introduced  into  the  system  by  the  in- 
sertion of  iron,  cobalt,  and  nickel,  in  its  center,  and  these  are  three 
elements  who.st!  atomic  numlwrs  increase  by  steps  of  one  while 
their  valence  remains  constjuit.  The  first  vcr>'  long  period  is 
forminl  in  a  similar  way  by  the  inwertion  of  the  rare  earths,  another 
set  of  element.'*  whose  atomic  numlwrM  increase  by  one  while  tho 
valence  remoius  constant. 

"In  tliis  periodic  table  the  maximum  valence  for  a  group  oC 
elements  may  Ix*  found  by  beginning  with  zero  for  the  zei-o  group 
and  counting  towarti  the  front  for  positive  valence,  and  towaid 
the  back  for  negative  valence. 

"  The  negative  valence  runs  along  the  spirals  toward  the  back 
as  follows :  — 
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"Beginning  with  helium  the  relations  of  the  maximum  theoreti- 
cal valences  run  as  followa:  — 

ClBflel.    Hf^F  0,1,2,3,  4,5.6,  T.butdownotlMetoS.     Drops  by  7  to  0. 

Ne-Cl.  ..   0, 1.2,3,  4,  5.  6,  7.  but  doHB  not  MB  to  8.     IJrops  by  7  lo  0. 
Case  2.    A-Mn. .  .  0,  1,  2,  3,  4,  5,  6,  7,  8,  8.     Dropa  by  7  to  1. 

Fe,  Co,  Ni 
'  Case  1.    Cu-Br 
Case  2.    Kr-Ru,  Rh,  Pd. 

"  In  the  third  increase,  the  group  number  and  maximum  valence 
of  the  group  rise  to  8,  tliree  elements  are  formed,  and  the  drop  is 
again  hy  7  to  1. 

"Thus  in  every  case  when  the  valence  drops  back  the  drop  in 
maximura  group  valence  is  7,  either  from  7  to  0,  or  from  8  to  1. 
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lliis  is  another  illuHtration  of  the  fact  that  thfi  eighth  group  is  a 
nbfroup  of  the  zero  group.  Tho  valcrict!  of  the  zero  Kroup  is 
fffo.  According  to  Abegg  the  contni>valence,  soeinitigly  not 
active  in  this  case,  is  eight. 

"In  Fig.  13  the  table  \»  divided  into  five  divmons  by  four 
rtnight  hnes  across  the  base.  These  divisions  contain  the  fol- 
lowing groups: — 

Division   ....        0  1  2  3  4 

Grwi|»  .  -      0,8  1,7  2,6  3,5  4.4 

"The  two  groups  of  any  division  are  said  to  be  coraplcracntary. 
U  will  be  seen  that  the  sum  of  the  group  numbers  in  any  division 
B  equal  to  8,  as  i:s  also  the  sum  of  the  maximum  valences.  The 
ilgebraic  sum  of  the  cliaracteristic  valences  of  two  complementary 
groups  is  always  zero.  In  any  division  in  which  the  group  numbers 
ct  very  different,  the  chemical  properties  of  the  elements  of  the  com- 
^Imentary  main  groups  are  very  different,  hut  when  the  group 
numbers  become  the  same,  the  chemical  properties  bccotne  very  much 
flirt*.  Thus  the  greatest  difference  in  group  numbers  occurs  in 
ijivigon  8,  where  the  difference  is  8,  and  in  the  two  groups  there  is 
u  extreme  difference  in  chemical  properties,  as  there  is  also  in 
ivLsion  1  between  Groups  1  and  7. 

"Whenever  the  two  main  groups  of  a  division  are  very  different  in 
properties,  each  of  the  sub-groups  is  quite  different  from  its  related 
iwjfl  group.  Thus  copper  in  Group  IB  is  not  very  closely  related 
to  potasBium  Group  lA  in  its  properties,  and  manganese  is  not 
TCT)'  ftirailar  to  chlorine,  but  as  the  group  numbers  approach  each 
flrtfr  the  main  and  siJ>-groups  become  much  alike.  Thas  scandium 
is  quite  similar  to  galliiun  in  its  properties,  and  titanium  and  ger- 
Quuium  are  ver>*  closely  allied  to  silicon. 

"One  important  relation  is  that  on  the  outer  cylinder  the  main 
troups  I  A,  II  A,  IFIA,  become  less  positive  as  the  group  nwnher 
"WmwM,  while  on  the  inner  Joop  the  positive  character  increases  from 
Oroup  IB  to  II B,  and  at  the  bottom  of  the  table  the  increase  from 
IIB  to  IIIB  is  considerable.  Thus  tliallium  is  much  more  posi- 
tive than  mercury.  It  has  already  been  noted  that  in  the  case  of 
tbe  mrc  earths  also  the  usual  rule  is  inverted,  that  is  the  basic 
properties  decrease  as  the  atomic  weight  increases." 


CHAPTER   VI. 


GASES. 

The  Gas  Laws.  Matter  in  the  gaseous  state  possesses  the 
properly  of  61ling  completely  and  to  a  uniform  density  any  avail- 
able space.  Among  the  moat  pronounced  characteristics  of 
gases  are  lack  of  definite  shape  or  volume,  low  density  and  small 
viscosity.  The  laws  expressing  the  beha\'ior  of  gases  under  differ- 
ent conditions  are  relatively  simple  and  to  a  large  extent  are 
independent  of  the  nature  of  the  gas.  The  temperature  and 
pressure  coefficients  of  all  gases  are  verj'  nearly  the  same. 

In  1662,  Robert  Boyle  discovered  the  familiar  law  that  <ri 
conMant  temperature,  the  volume  of  a  gas  is  inversely  proportional 
to  the  pressure  upon  it  This  may  be  expressed  mathematically 
as  follows:  — 

»flC—  (temperature  constant) 
P 

where  V  is  the  volume  and  p  the  pressure. 

In  1801,  Gay-Lussac  discovered  the  law  of  the  variation  of  the 
volume  of  a  gas  with  temperature. 

This  law  may  be  formulated  thus:  —  At  constant  pressure,  the 
volume  of  a  gas  is  directly  proportional  to  its  absolute  lemp&roture, 
or 

V  «  r  (pressure  constant). 

There  are  three  conditions  which  may  be  varied,  via.,  volume, 
temperature  and  pressure.  The  precedinR  laws  have  dealt  with 
the  relation  between  two  pairs  of  the  variables  when  the  third 
is  held  constant.  There  remains  to  consider  the  relation  between 
the  third  pair  of  variables,  pressure  and  temperature,  the  volume 
being  kept  constant.  Evidcntlj'  a  necessar>'  corollary  of  the  first 
two  laws  is  that  at  constant  volume,  the  pressure  of  a  gas  is  directljf 
proportional  to  its  absohUe  temperature,  or 

pccT  (volume  constant), 
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is  ordinatoa,  for  an  ideal  gas  we  should 

(..iralk'l  to  the  axis  of  uhs(Mssae,  as  shown  in 

obtained  by  Amagat  with  three  tji/ical 

;  in  the  same  diagram.     It  will  be  apparent 

y;Msc's  depart  widely  from  ideal  Vjehavior.     In 

.igeii  pv  increases  continuously  with  the  pressure, 
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value  for  all  gases.  If  M  is  the  moiecular  weight  of  the 
=  R.  Equation  (4)  is  the  fundamental  g:w  equation.  \ 
Evaluation  of  the  Molecular  Gas  Constant  Since  the  ] 
of  p  and  V  represents  work^  and  T  is  a  pure  number,  R  | 
expressed  in  energj'  units.  There  are  four  different  units  ii 
the  molecular  gas  constant  is  commonly  expressed,  vi«.,  (1 
centimeters,  (2)  ergs,  (3)  calories,  and  (4)  titer'atniusphcrtf 

1.  R  in  gram-cefUirneters.  The  volume,  v,  of  1  mol.  (A 
0*  and  70  crn.  is  22.4  liU'rs  or  22,400  cc.  The  pressure,  p,  a 
rnultiplii*<l  by  13.o9,  (the  density  of  mercury),  or  1033.3  gn 
square  centimeter.     Substituting  we  obtain 

„      p„P«      1033.3X22.400      oj  7^^  *^  n™ 
R  -  -jT  =  27A ^  84,760  gr.  cm. 

2.  R  in  ergH.  To  convert  grara-centimetera  into  ergs  1 
multiply  by  the  acceleration  due  to  gravity,  g  =  980.6 
sec.    i»er  aec,  or 

R  =  84,760  X  980.6  =  83,150,000  ergs. 

3.  R  in  calories.  To  express  work  in  tenns  of  heat, 
divide  by  the  mechanical  efpiivaleni  of  lieat,  or  since  1 
equivalent  to  42,640  (^r.  cm.  or  41,830,000  ergs,  wc  have 

83,150,000 


R  = 


=  1.99  cab  (approximately  2  caLj 


41,830,000 

4.   R  in  liier-almofipheres.    A  liter-atmosphcrc ' 

as  the  work  done  by  1  atmosphere  on  a  square  dt 

a  decimeter.     If  po  is  the  pressure  in  atmosphorts*.  AUd 

volume  in  liters,  wc  have 

i?  =  ^'  -  ^  « 0.0821  Hteivatmoflphrn-. 

Deviations  from   the   Gas  Laws.    <        ' 
Ainagat  *  iumI  utluTS  on  llic  iM-hiP  ''>'■  ■■f  •■ 
of  tempeniture  and  prcssun' 
gas  iKiuatijm,  pv  =  RT,  is 
the  deviatioiLs  ilep«mding 
conditions  under  which  it . 
the  gas  laws  are  more 
•  Ann. 
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h^^  the  temperature  and  the  further  the  gas  is  removed  from 
the  critical  state.  A  gas  which  would  conform  to  the  require- 
ments of  the  fimdamental  gas  equation  is  called  an  ideal  or  per~ 
fed  gas.  Aknost  all  gases  are  far  from  ideal  in  their  behavior. 
At  ctmstant  temperature  the  product,  pv,  in  the  gas  equation  is 
constant,  so  that  if  we  plot  pressures  as  abscissae  and  the  corre- 


\  nf  pv  as  r-iinates,  for  .in  ideal  gas  we  should 

to  the  axis  of  abscissic,  fis  sho^;!!  in 

3  by  ArcAgat  ^vitli  three  typiral 

me  diagram.     It  will  be  apparent 

t  widely  from  ideal  behavior.     In 

eases  continuously  with  the  pressure, 
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while  with  nitrogpn  and  carbon  dioxide  it  first  decreaees,  attains 
to  a  minimuni  value  and  beyond  that  point  increases  with  increas- 
ing pressure.  With  the  exception  of  hydrogen,  all  gases  show  a 
minimuiu  in  the  curve,  thus  indicating  that  at  first  the  compreas- 
ibility  is  greater  than  corresponds  with  the  law  of  Boyle,  but 
diminishes  continuously  until,  for  a  short  rai^e  of  pressure,  the  law 
is  followed  strictly :  l^eyond  this  point  the  compressibility  is  leas 
than  Boyle's  law  requires. 

Hydrogen  is  exceptional  in  that  it  is  always  less  compressible 
than  the  law  deniimds.  This  is  true  for  all  ordinary  tempera- 
tures, but  it  is  highly  probable  that  at  extremely  low  temperatures 
the  curve  would  show  a  minimum.  The  two  curves  for  carbon 
dioxide  at  31°.5  and  100"  illustrate  the  fact  that  the  deviations 
from  the  gas  laws  Ix'comc  leas  as  the  temperature  increases.  The 
deviations  of  gases  from  the  laws  of  Boyle  and  Gay-Lussac,  as  well 
as  their  behavior  in  general,  may  be  satisfactorily  accounted  for 
on  the  basis  of  the  kinetic  theorj'. 

Kinetic  Theory  of  Gases.  The  first  attempt  to  explain  the 
properties  of  gases  on  a  purely  mechanical  basis  was  made  by 
Bernoulli  in  1738.  Subsequently,  through  the  labors  of  Kroenig, 
Clausius,  Maxwell,  Boltzmann  and  others,  his  ideas  were  developed 
into  what  is  knoiMi  today  as  the  kinetic  theory  of  gases.  Accord- 
ing to  this  theorj*,  gases  are  considered  to  be  made  up  of  minute, 
perfectly  elastic  particles  which  are  ceaselessly  moving  about 
with  high  velocities,  colliding  with  each  other  and  with  the  walls 
of  the  containing  vessel.  These  particles  are  identical  with  the 
molecules  defined  by  Avogadro.  The  volume  actually  occupied 
by  the  gas  molecules  is  supposed  to  be  much  smaller  than  the 
volume  filled  by  them  under  ordinary  conditions,  thus  allowing 
the  molecules  to  move  about  free  from  one  another's  influence 
except  when  they  collide.  The  distance  through  which  a  molecule 
moves  before  colliding  with  another  molecule  is  known  as  its  mean 
free  path.  In  terms  of  this  theorj*,  the  pressure  exerted  by  a  gaa 
is  due  to  the  combined  effect  of  the  impacts  of  the  moving  molecules 
upon  the  walls  of  the  containing  vessel,  the  magnitude  of  the 
pressure  being  dependent  upon  the  kinetic  energy  of  the  mole- 
cules and  their  number. 
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DeriTation  of  the  Kinetic  Equation.  Starting  with  the  assump- 
Uoa?  aJready  made,  it  is  possible  to  derive  a  formula  by  means  of 
which  the  gas  laws  may  be  deduced.  Imagine  n  molecules,  each 
ba^'ing  a  mass,  m,  confined  within  the  cubical  vessel  shown  in 
iFSg.  16,  the  edge  of  wliich  has  a  length,  /.  While  the  different 
molecules  are  doubtless  moving  with  different  velocities,  there 
must  be  an  average  velocity  for  all  of  them.  Let  c  denote  this 
mean  velocity  of  tronslatitm.  The  molecules  will  impinge  upon 
the  walla  in  all  directions  but  tlif*  velix'ity  of  each  may  be  resolved 
iocording  to  the  well-known  dynamical  principle  into  three  com- 


Kg.  15. 

ponentfi,  x,  y  and  z,  parallel  to  the  three  rectangular  axes,  J!f,  Y 
and  Z.  The  analytical  expression  for  the  velocity  of  a  single 
molecule,  Jf ,  is 

c»  =  a*  +  y*  +  2'. 

la  words,  this  means  that  the  ofTect  of  the  collision  of  the  molecule 
upon  the  wall  of  the  containing  vcsspI,  is  equivalent  to  the  com- 
bined effect  of  succesflive  collisions  of  the  molecule  perpendicular 
to  the  three  walls  of  the  cubical  vessel  with  the  velonitiejj  i,  y  and 
s  rwpectiveJy,  Fixing  our  attention  upon  the  horizontal  com- 
pooent,  the  molecule  will  collide  with  the  wall  with  a  velocity  x, 
tad  owing  to  its  perfect  elasticity  it  will  rebound  with  a  velocity 


J 


78 


THKORETICAL  CHKMlrtTRY 


^—  X,  having  sufTered  no  loss  in  kinetic  energy.  The  momentum 
efore  collision  was  ms  and  after  collision  it  \n\\  be  —  vu,  the 
total  chaise  in  momentum  being  2  inx.  The  distance  between 
the  two  walls  being  /,  the  number  of  eolli»?ions  on  a  wall  in  unit 
time  will  be,  a^  7,  and  the  total  effect  of  a  single  molecule  in  one 
direction  in  unit  time  will  be  2  mx  -  x/l  =2  mx*/L  The  same 
reaf^oniuE  is  applicable  to  tlie  otlier  components,  so  that  the  com- 
bined action  of  a  aingle  molecule  on  the  six  sides  of  the  vessel 
will  be 

—  (x*  +  :/^  +  2=)  =  — ^ — 

There  bemg  n  molecules,  the  totiil  effect  will  be  — j — •     The 

entire  inner  surface  of  the  cubical  vessel  being  6  P,  tlie  pressure  p, 
on  unit  area^  will  be 

2mnc'  _  1   wmc*. 
6f     ~3*    f»    ' 


P  = 


but  since  P  is  the  volume  of  the  cubcj  which  we  will  denote  by  t, 
we  have 

1   mm:* 


or 

o 

This  is  the  fundamental  equation  of  the  kinetic  theorj'  of  gases- 
While  the  equation  ha«  be**n  derived  for  a  eubicjd  vessel,  it  is 
equally  applicable  to  a  vessel  of  any  shape  whatever,  since  the 
total  volume  may  be  eonsidenMl  to  be  made  up  of  a  large  number 
of  infinitesimally  small  cubes,  fi)r  e;u*h  of  whirh  the  equation  holds. 
Deductions  from  the  Kinetic  Equation.  Imw  of  Boyle.  In 
the  fundaniental  kinetic  e^iuatton,  jw  =  \  rnnc^,  the  right-hand 
side  is  coniposed  of  factors  which  arc  constant  at  constimt  temper- 
ature, and  therefore  tlie  product,  pv,  must  l>c  constant  also  under 
wmilar  conditions.    This  is  clearly  Boyle's  law. 
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LaiB  of  Gay-Lussac.    The  kinetic  equation  may  be  written  in 
the  fona 

The  kinetic  enei^'  of  a  single  molecule  being  represented  by 
1/2  ffic",  the  total  kinetic  energy  of  the  molecules  of  the  gas  will 
be  1/2  mnc^.  Therefore  ike  product  of  the  pressure  and  volume  of 
Aegatii  equivalent  to  two-thirds  of  the  kinetic  energy  of  its  molecules. 
A  corollary  to  this  proposition  is  that  at  conntani  pressure,  Oie 
OKrage  kinetic  energy  of  the  molecules  in_eqxial  volumes  of  d\jfereni_ 
gases  19  the  same.  The  law  of  Gay-Lussac  tciiehcs  that  at  constant 
volume,  the  pressure  of  a  gas  is  directly  prgportioflaLto  its  ateo* 
lule  temperature.  Taking  this  together  wnth  the  fact  that  the 
pRMn«~of  a  gas  at  constant  volume  is  directly  proportional  to 
mean  kinetic  energ>'  of  its  molecules,  it  foUow's  that  the  mean 
ie  energy  of  the  molecules  of  a  gas  is  directly  proportional  to  Us 
diMlide  temperature.  Thus  wo  see  that  the  absolute  temperature  of 
igaaisameasureof  thcmean  kinetic  energy  of  its  molecules.  This 
deduction  is  partially  based  upon  the  experimentally-determined 
law  of  Gay-Lussac.  Having  obtained  a  definiton  of  temperature 
in  terms  of  kinetic  encrff>%  it  is  easy  to  derive  Gay-Lussac's  law 
fnxa  the  fundamental  kinetic  equation.  Writing  the  equation  in 
thefonn 

pp  =  3*2"*      ' 

H  iH  apparent  that  pv  is  directly  proportional  to  the  total  kinetic 
energy  of  the  g!w  molecules,  or  in  other  words,  is  directly  propor- 
Uon&l  to  its  absolute  temperature,  which  is  the  most  general 

I  statement  of  Gay-Lussjic's  law. 

Hypothesis  of  Avogadro.    If  equal  volumes  of  two  different  gasra 

I  Are  measured  under  the  same  pressure,  we  will  have 

1/3  nimiCi*  =1/3  nimiCt*, 


Hi 


pv 


(1) 


I  where  rii  and  t^,  mi  and  m«,  and  ci  and  d  denote  the  number,  mass 
I  Aod  velocity  of  the  molecules  in  the  two  gases.     If  the  gases  are 


measured  at  the  same  temperature,  the  molecules  of  each  possess 
the  same  mean  kinetic  encrg>',  or 

l/2mtCi>  =  I/2mtc-^  (2) 

DiWding  equation  (1)  by  equation  (2),  we  have 

"I  =  n^, 

or  under  the  same  conditions  of  temperature  and  pressure  equal 
volumes  uf  the  two  gases  contain  the  same  number  of  molecules. 
This  is  the  hypothesis  of  Avogadro. 

Law  of  Graham.  If  the  fundamental  kinetic  equation  be  solved 
for  c,  we  have 

mn 

but  v/mn  =  1/d,  where  d  is  the  density  of  the  gas,  and  therefore 
we  may  write 

^- 

If  the  pressure  remains  constant  it  is  evident  that  the  mean  veloc- 
ities of  the  molecules  of  two  gases  arc  inversely  proportional  to 
the  square  roots  of  their  densities,  a  law  which  was  first  enunciated 
by  Graham  in  1833  as  the  result  of  his  experiments  on  gaseous 
diffusion. 

Mean  Velocity  of  Translation  of  a  Gaseous  Molecule.  By 
substituting  appropriate  values  for  the  various  mt^nitudes  in  the 
equation 


it  is  ix)ssiblc  to  calculate  the  m«ui  velocity  of  the  molecules  of  any 
gas.     Thus,  for  the  gram-molecule  of  hydrogen  at  0**  and  76  cm. 
pressure,  p  =  76  X  13.59  =  1033.3  gr.  persq.  cm.  =  1033.3  X  980.6 
diTit's  per  sq.  cm.,  v  =  22,400  cc,  and  mn  =  2.016  gr. 
Substituting  tliese  values  in  the  above  equation  we  have, 


^  . /3  X  1033.3  X  980.6  X  22,400 
V  2.016 


l«3,780cm.  per  sec. 


I 


ThDs  at  0°  the  molecule  of  hydrogen  moves  with  a  speed  slightly 
gTBSter  than  ooe  mile  per  second.  This  enormous  speed  is  only 
Attained  along  the  mean  free  path,  the  frequent  collisions  with 
other  molecules  rendering  the  actual  speed  much  less  than  that 
cafculattJ, 

Equation  of  van  der  Waals.  As  has  been  pointed  out  in  a 
previous  jmragraph,  the  ga^  laws  are  merely  limiting  laws  and 
while  they  hold  quite  well  up  to  pressures  of  about  2  atmospheres, 
above  this  pressure  the  dilTereneea  between  the  oljserved  and  caJ- 
culated  values  Iwcome  steadily  larger.  In  the  case  of  hydrogen, 
Natterer  wiw  the  first  to  show  that  tlie  product  of  pressure  and 
volume  is  invariably  higher  than  it  sliould  l>e.  A  possible  explana- 
tion of  this  departure  from  the  gas  laws  was  ofTered  by  Budde, 
who  proposed  that  the  volume,  i',  in  the  equation  pv  =  RT,  should 
be  corrected  for  the  vohune  uci^upied  by  the  molecules  them- 
selves. If  this  volume  correction  be  denoted  by  6,  then  the  gas 
equation  becomes 

p  (v  -  fr)  =  RT, 

where  6  is  a  constant  for  each  gas.  Buddo  calcidated  the  value 
of  b  for  hydrogen  iiml  fuund  it  to  remain  oonst^ant  for  pressures 
varying  from  1000  to  2800  meters  of  mercury. 

While  Budde's  modificatiun  of  the  gas  equation  is  quite  satis- 
factory in  the  ease  of  hydrogen,  it  fails  when  appUed  to  other  gases. 
In  general,  the  compressibility  at  low  pressures  is  considerably 
greater  than  can  be  accounted  for  by  Boyle's  law.  The  comprcssi- 
hiUty  reaches  a  minimum  value,  and  then  increases  rapidly  so  that 
ft)  passes  through  the  value  required  by  the  law.  This  suggests 
that  there  is  some  other  correction  to  be  applied  in  addition  to 
the  volume  correction  introdu(;e<i  into  the  gas  (Kjuation  by  Buddc. 
van  der  Waals  pointed  out  in  1879,  that  in  the  deduction  of  Boyle's 
Uw  by  means  of  the  fundamental  kinetic  equation,  the  tacit 
aasumptioo  is  made  that  the  molecules  exert  no  mutual  attraction. 
While  this  assumption  is  undoubtedly  justifiable  when  the  gas  is 
subjected  to  a  verj'  low  pressure,  it  no  longer  remains  so  when 
the  gas  is  strongly  compressed.  A  little  consideration  will  make 
it  apparent  that  when  increased  pressure  is  appUed  to  a  gas,  the 


? 


I 

I 


resulting  volume  will  become  less  than  that  calculated,  owing  to 
molecular  attrjirtinn.  In  other  words  the  molecular  attraction 
and  the  appliinl  pressure  act  in  the  same  direction  and  the  gas 
behave  as  if  it  were  subjected  to  a  pressure  gre-ater  than  that 
actually  applied.  Van  dcr  Waals  showed  that  this  correction  is 
invcn«^ly  proportional  to  the  square  of  the  volume,  and  since  it 
augments  the  applied  pressure  the  expression  p  +  a/»*  is  sub- 
stitutfxi  for  p  in  the  gas  equation,  a  being  the  constant  of  molecular 
attraction.     The  corrected  equation  then  becomes 

(p-\-a/t')(v~b)  =^HT. 

This  is  known  as  the  equation  of  van  der  Waals,  It  is  applicable 
not  only  to  strongly  compressed  gases,  but  also  to  liquids  as  well. 
While  it  will  be  given  detailed  coasideration  in  a  subsequent  chapter, 
it  may  be  of  interest  to  point  out  at  this  time  the  satisfactory  ex- 
planation which  it  offers  of  the  exp**rimental  results  of  Amagat, 
to  which  we  have  ulrciuiy  made  reference,  (page  72).  When  v  is 
large,  both  b  and  a  i'-  become  negligil>le,  and  van  dcr  Waals* 
equation  reduces  to  the  simple  gas  equation,  pv  =  RT,  We  may 
predict,  therefore,  that  any  influence  tending  to  increase  v  will 
cause  the  gas  to  approach  more  nearly  to  the  ideal  condition.  This 
is  in  accord  with  the  results  of  Amagat's  experiments,  which  show 
that  an  increase  of  temi)erature  at  constant  prt>ssure,  or  a  diminu- 
tion of  pressure  at  constant  temperature,  causes  the  gas  to  tend  to 
follow  the  simple  gas  laws.  The  equation  also  offers  a  satisfactory 
explanation  of  the  exceptional  behavior  of  hydrogen  when  it  is 
subjected  to  pressure.  As  we  have  seen,  pv  for  all  gases,  except 
hydrogen,  diminishes  at  first  with  increasing  pres-sure,  re^iches  a 
minimum  value,  and  then  increases  regularly.  Since  the  volume 
correction  in  van  der  Wrmls'  pgimtinn  acts  in  opposition  to  the 
atCracOon  correction,  it  is  apparent  that  at  low  pressures  the  effect 
of  attraction  preponderates,  while  at  high  pressures  the  volume 
correction  is  relatively  of  more  importajic^  At  some  intermediate 
pressure  the  two  corrections  couatefbalancc  each  other,  and  it  is 
•At  Ihia  point— that  the  gas  follows  Royle's  law  strictly.  The 
exceptional  behavior  of  hydrogen  may  be  accotmted  for  by  making 
the  very  plausible  assumption  that  the  attraction  correction  is 


negligibie  at  aU  pressures  in  comparison  with  the  volume  correc- 
tion. 

Vapor  Density  and  Molecular  Weight.    As  has  been  pointed  out 
in  an  earlier  chapter,  when  a  substance  con  be  obtained  in  the  gas- 
eous stat^*,  the  det(?rmination  of  its  molecular  wcigiit  resolves  itself 
into  finding  the  mass  of  that  volume  of  vapor  which  will  occupy 
22.4  liters  at  0**  and  76  cm.     Tt  is  Inconvenient  to  weigh  a  volume 
of  gas  or  vapor  under  standard  conditions  of  temperature  and 
pressure,  but  by  means  of  the  gas  laws  the  determination  made 
at  any  temperature  and  under  any  pressure  can  be  reduced  to 
,      stuuJUrd  conditions.     For  example,  suppose  t'  cc.  of  gas  are  found 
I     to  weigh  w  grams  at  f*  and  p  cm.  pressure,  then  the  weight  in  grama 
I     of  22.4  liters  or  22,400  cc.  at  0*  and  76  cm.  will  be  given  by  the  fol- 
I    lowing  proportion,  in  which  M  denotes  the  molecular  weight  of  the 
Inibstance:  — 


-«fe=^  = 


273 


M 


to  X  76  X  22,400  X(f  + 273) 
273  py 


The  determination  of  vapor  density  may  be  effected  In  either  of 
two  ways;  (1)  we  may  determine  the  mass  of  a  known  volume  of 
vapor  under  definite  conditions  of  temperature  and  pressxire,  or 
(2)  we  may  determine  the  volume  of  a  known  mass  under  definite 
conditions  of  temperature  and  pressure.  There  are  a  variety  of 
methods  for  the  determination  of  vapor  density;  but  for  our  pur- 
pose it  will  be  necessary  to  describe  but  two  of  them.  In  the 
method  of  Regnault  the  mass  of  a  definite  volume  of  vapor  is 
determined,  while  in  the  method  due  to  Victor  Meyer  we  measure 
the  volume  of  a  known  mass. 

Method  of  RegnaulL  In  this  method  which  is  especially  adapted 
to  pcnnanent  gases,  use  Is  made  of  two  spherical  glass  bulbs 
(Fig.  16)  of  approximately  the  same  capacity,  each  bulb  being 
provided  with  a  well-ground  stop-cock.  By  means  of  an  airpump 
<me  bulb  in  evacuated  as  completely  as  possible,  and  is  then  filled, 
at  definite  temperature  and  pressure,  with  the  gas  whose  density 
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is  to  be  detenntned.  The  stop-cock  is  then  closed  and  the  butl» 
weighed,  the  second  Imlb  being  used  as  a  counterpoise.  The  u-se 
of  the  second  hutlj  i.s  hirgely  to  avoid  tlic 
troublesome  corrections  for  air  diHplacement 
and  for  moisture,  each  bulb  being  affected  in 
the  same  way  and  to  nearly  the  same  extent. 
The  volume  of  the  bulb  may  be  obtaine<l  by 
weighing  it  first  evacuated,  and  then  filled  with 
distilled  water  at  known  t<'m{}erature.  From 
these  results  we  may  calculate  the  mass  per  unit 
of  volujne;  or  we  may  substitute  the  values  of 
to,  f,  p  and  t  in  the  above  formula  and  calcu- 
late M,  the  molecular  weight.  This  method 
was  used  by  Morley  *  in  his  epoch-making  re- 
searcli  on  ihv  densities  of  hytlrogt^n  imd  oxjgcn. 
Method  of  Victor  Meyer.  In  the  method 
of  Victor  Meyer,  a  weighed  amount  of  the 
substance  is  vaporized,  suid  the  volimie  which 
occupied  at  the  temperature  of  the  room  and 
barometric  pressure  Is  determined.  The  apparatus  of  Meyer, 
shown  in  Fig  17,  consists  of  an  inner  glass  tube  A,  about  I 
cm.  in  diameter  and  75  cm.  in  length.  This  tube  is  expanded 
into  a  bulb  at  the  lower  end,  while  at  the  top  it  is  sliglitly  en- 
larged and  is  furnished  with  two  side  tubes  C  and  E.  The  tube 
A  is  suspended  inside  a  heating  jacket  6,  containing  some  liquid 
the  boiling  point  of  which  is  about  20**  higher  than  the  vaporizing 
temperature  of  the  substance  whose  vapor  density  is  to  be  de- 
termined. The  side  tube  E  dips  beneath  the  surface  of  water  in  a 
pneumatic  trough  G,  and  serves  to  convey  the  air  displaced  from 
A  to  the  eudiometer  F.  By  means  of  the  side  tube  C,  and  the  glass- 
rod  D,  the  small  bulb  containing  the  substance  can  be  dropped  to 
the  botUmi  of  .4.  To  carry  out  a  detcnninatlon  of  vapor  density 
with  this  apparatus,  the  liquid  in  B  is  heated  to  boiling  and 
the  sealed  bulb  V,  containing  a  weighed  amount  of  the  substance, 
is  placed  in  position  on  the  rod  D,  the  corka  being  tightly  inserted. 


Fig.  10. 

it  would   have 
under   existing 
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Whoi  bubbles  of  air  cease  to  issue  from  E  in  the  pneumatic  troi^, 
showing  that  the  temperature  within  A  is  constant,  the  eudiometer 
F,  full  of  water,  is  placed  over  the  mouth  of  E,  and  the  bulb  V  is 
allowed  to  drop  by  drawing  aside  the  rod  D.  Air  bubbles  immedi- 
ately begin  to  issue  from  E  and  to  collect  in  the  eudiometer.  When 
the  air  ceases  to  collect,  the  eudiometer  is  closed  by  the  thumb  and 


Fig.  17. 

is  removed  to  a  large  cylinder  of  water  where  it  is  allowed  to  stand 
long  enough  to  acquire  the  temperature  of  the  room.  It  is  then 
raised  or  lowered  until  the  level  of  water  inside  and  outside  is 
the  same,  when  the  volume  of  air  is  carefully  read  off.  In  this 
method,  the  substance  on  vaporizing  displaces  an  equal  volume 
of  air  which  is  collected  and  measured,  this  observed  volume  being 


THEORETICAL  CHEMISTEY 


that  which  the  vapor  would  occupy  after  reduction  to  the  condi- 
tionn  under  which  the  air  is  measured.  It  is  evident  that  in  this 
metiiod  W(;  do  not  require  a  knowledge  of  the  temperature  at 
which  the  substance  vaporizes.  Since  the  air  is  measured  over 
water,  the  pressure  to  which  it  is  subjected  is  that  of  the  atmos- 
phere diminished  by  the  vapor  pressure  of  water  at  the  temperature 
of  the  experiment.  The  method  of  calculating  molecular  weights 
from  the  observations  recorded  may  be  illustrated  by  the  follow- 
ing example:  —  0.1  gram  of  benKcne  (CeHa)  was  weighed  out,  and 
when  vaporized,  32  cc.  of  air  were  collected  over  water  at  17"  and 
750  mm.  pressure.  The  vapor  pressure  of  water  at  17**  is  14.4 
mm.,  and  tlie  actual  pressure  exerted  by  the  gas  is  750  —  14,4  — 
735.6  mm.     Substituting  in  the  proportion 

rl  ._-      Pt'  ,,    760X22.400 

■ 


iff : 


't  +  27'S 
and  solving  for  M  we  have 


=  M 


273 


„  ^  0.1  X  760X22,400  X  (17  +  273)    ^^^ 
■  273  X  735.6  X  32  "  ^^'^' 


The  result  agrees  fairly  well  with  the  molecular  weight  of  benzene 
(78.05)  caJculuted  from  the  formula. 

Unless  a  vapor  follows  the  gas  laws  very  closely^  the  value  of  the 
moleculiu-  weight  obtained  by  the  method  of  Victor  Meyer  will  be 
only  approximate,  but  this  ajtproximate  value  will  \k*  sufficiently 
near  to  the  true  molecular  weight  to  enable  us  to  choose  between 
the  simple  formula  weight,  given  by  chemical  analysis,  and  some 
multiple  of  it. 

Results  of  Vapor-Density  Determinations.  As  the  result  of 
numerous  vapor-density  determinations  cxt^?nding  over  a  wide 
range  of  temperatures,  much  important  data  has  been  collected 
conC/Cming  the  number  of  atoms  contained  in  the  molecules  of  a 
large  number  of  chemical  compounds.  The  molecular  weights 
of  most  of  the  elementary  gases  are  double  their  atomic  weights, 
showing  that  their  molecules  are  diatomic.  In  like  manner  the 
molecular  weights  of  mercury,  zinc,  cadmium  and,  in  fact,  all  of 
the  vaporizable  metaUic  elements  have  been  found  to  be  identi- 
cal   with    their    atomic   weights.      The   molecules    of   sulphur, 
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argcnic,  phosphorus  and  iodino  arc  polyatomic,  if  they  are  not 
beatcd  to  too  high  a  temperature.     The  investigations  of  Meyer 
ud  others  have  shown  that  the  vapor  densities  of  a  large  number 
of  aibstances  diminish  as  the  temperature  is  increased.    In  other 
words  as  the  ton^rature  is  raised  the  number  of  atoms  contained 
in  the  molecules  decreases.     The  molecular  weight  of  uulphur,  cal- 
niUted  from  its  vapor  density  at  temperatures  below  500°,  corre- 
sponds to  the  formula  5«.     If  the  vapor  of  sulphur  h  heated  to 
1100*.  the  molecular  weight  corresponds  to  the  formula  Sj.     In 
ficl,  sulphur  in  the  form  of  vapor  may  be  represented  by  the  fonnu- 
1a8  St,  S^j  Stf  or  even  S  according  to  the  temperature  at  which  its 
Tipor  density  is  determined.     Iodine  behaves  similarly,  the  mole- 
cules being  diatomic  between  200"  and  600**,  while  at  temperatures 
above  1400**  the  vapor  density  has  about  one-half  its  value  at  the 
lower  temperature,  showing  a  complete  breaking  down  of  the  dia- 
Uinic  molecules  Into  single  atoms.    Heating  to  yet  higher  tem- 
peratures has  failed  to  reveal  any  further  decomposition.     This 
phenomenon  is  not  confined  to  the  molecules  of  the  elements  alone, 
but  is  also  met  with  in  the  case  of  the  molecules  of  chemical  com- 
pounds.    The  vapor  density  of  arsenious  oxide  between  500*  and 
700^  corresponds  to  the  formula  As40ft.     As  the  temperature  is 
raised,  the  vapor  density  becomes  steadily  smaller  until,  at  1800",  the 
calculated  molecular  weight  corresponds  to  the  formula  AsjOa.     In 
'ike  mazmer  ferric  and  aluminium  chlorides  have  been  shown  to 
have  molecular  weights  at  low  temperatures  corresponding  to  the 
formulas,  Fe»CUand  AljCU.    The  commonly-used  fonnulas,  FeCU 
and  AlCU,  represent  their  molecular  weights  at  high  temperatures 
(B?y.    The  experimental  difficulties  attending  vapor  density  de- 
Wminations  increase  as  the  temjierature  is  raised,  owing  chiefly  to 
the  deformation  of  the  apparatus  when  the  material  of  which  it  is 
coD£iructed  approaches  its  melting  point.     Gla.s3  which  can  be  used 
at  relatively  low  temperatures  only,  has  been  replaced  by  specially 
resistant  varieties  of  porcelain  which  may  be  used  up  to  tempera- 
tures of  1500*  or  1600**.     Platinum  vessels  retain  their  shape  up  to 
temperatures  between  1700"   and    1800°.     Measurements  up  to 
2000°  have  recently  been  effected  by  Nemst  and  his  pupils.*     In 

•  Warteaberg.  Zeit.  anorg.  Chem.,  56,  320  (1907). 
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their  experimente  use  was  made  of  a  vessel  of  iridium,  the  inside 
and  outride  of  wtiioh  was  surmunded  with  a  (;eiiient  of  inagnesia 
and  magnesium  chloride,  the  entire  apparatus  l>etng  heated  electri- 
cally. With  this  apparatus  they  showef]  that  Uie  molecular 
weight  of  sulphur  between  1800*^  and  2U(K}°  is  4^  indicating  that 
the  diatomic  molecule  is  approximately  50  per  cent  broken  down 
into  single  atoms. 

Abnormal  Vapor  Densities.  In  all  of  the  cases  cited  above 
the  molecular  weight  calculated  from  the  vapor  density  corre- 
sponds either  with  the  simple  formula  weight,  as  determined  by 
chemical  analysis,  or  with  a  multiple  thereof.  In  no  case  is  theje 
any  evidence  of  a  breaking  down  of  the  simple  molecule  into  its 
constituejits.  Substances  are  known,  however,  the  molecular 
weights  of  which,  calculated  from  their  vap<ir  densities,  are  less 
than  the  smn  of  the  atomic  weights  of  their  constituents.  For 
example,  tht?  vapor  density  of  ammonium  chloride  was  found  to 
be  0.89,  while  tliat  corresponding  to  tin;  fcnnula  NH4C!  shuuld  be 
1.89-  Similar  reault*  have  been  obtained  with  phosphorus  penta- 
chloride^  nitrogen  peroxide,  chloral  hydrate  and  numerous  other 
BubstJinces.  The  phenomenon  can  be  explained  in  either  of  the  two 
following  ways:  (I)^that  the  molecule  luis  undergone  a  complete 
disruption,  or  (2)  that  the  substance  docs  not  follow  the  law  of 
Avogadro.  Until  the  former  explanation  was  shown  to  be  correct, 
the  latter  was  accepted  and  for  a  tune  the  law  of  Avogadro  fell  into 
disrepute.  In  1857,  Deville  showed  that  numerous  chemical  com- 
pounds are  broken  ttown  or  "dissociated"  at  high  temperatures. 
Shortly  afterward  Kopp  suggested  that  the  abnonnal  vapor 
densities  of  such  substances  as  ammonium  chloride,  phosphonis 
pentachtoride,  etc.,  might  bo  due  to  thcnnal  dissociation.  If 
ammonium  ("hloride  underwent  complete  dis.sociation,  one  molecule 
of  the  salt  would  yield  one  molecule  of  anmionia  and  one  molecule 
of  hydrochloric  acid  gjis,  and  the  vapor  density  of  the  resulting 
mixture  would  be  one-half  of  that  of  the  undissociatcil  substance, 
a  deduction  in  complete  agreement  with  the  results  of  experiment. 
It  remaine<i  to  prove  that  the  products  of  this  supposed  dissocia- 
tion were  actually  present. 

The  &rst  to  o£fer  on  experimental  demoiuitration  of  the  simul- 
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taneous  formation  of  ammonia  and  hydrochloric  acid,  when  ammon- 
ium chloride  ia  heated,  wa«  Peha!.*  The  apparatus  whicli  he  de- 
Tified  for  this  purpose  is  tjhuwn  in  Fig.  18.  It  consisted  of  two  tubes, 
T  and  t,  the  latter  being  placed  wiUiin  the  former  as  indicated  in 
thesketch.  Near  the  top  of  the  inner  tul)e,  which  was  drawn  down 
to  a  tanaller  diameter,  was  a  poroua  plug  of  asbeatow,  C,  upon  which 
was  placet!  a  little  ammonium  chloride.     A  stream  of  dry  bydro- 


ByilTDgeu- 
Hydrugvn  ■ 


Fig.  18. 


gen  was  passed  through  the  apparatus  by  means  of  tlie  tubes  A  and 
B,  the  former  entering  the  outer  tube  and  the  latter  the  inner 
tube.  The  entire  apparatus  was  heated  to  a  temperature  above 
that  necesaarj'  to  vaporize  the  ammonium  chloride.  If  the  salt 
undergoes  dissociation  into  ammonia  and  hydrochloric  acid,  the 
former  being  less  dense  than  the  latter,  would  difTuse  more 
lidly  through  the  plug  C  and  the  vapor  below  the  plug  would 

*  Lieb.  Ann.,  »3*  19d  (1882). 


be  relatively  richer  in  ammonia  than  the  vapor  above  it.  The 
current  of  hj'drogcri  through  B  wuultl  therefore  sweep  out  from 
the  lower  part  of  t  an  excess  of  ammonia,  while  the  current  through 
A  would  carrj'  out  from  T  an  excess  of  hydrochloric  acid.  By 
holding  strips  of  moistened  Utmus  pai>er  in  the  currents  of  gas 
issuing  from  E  and  F,  it  was  poswihle  for  Pebal  to  test  the  correct- 
ness of  Kopp's  idea.  Ho  found  that  the  gas  issuing  from  E  had 
an  acid  reaction  while  that  escaping  from  F  had  an  alkaline  reac- 
tion.   It  would  at  Erst  sight  appear  that  Pcbal  had  demonstrated 


Nitrogen 


Fig.  ]o: 


beyond  question  that  ammoniumi  chloride  undergoes  disaocmtlti 
into  animonia  and  hydrochloric  acid. 

It  was  pointed  out,  however,  that  Pebal  had  heated  the  ammon- 
imn  chloride  in  contact  with  a  foreign  substance,  asbestos,  and 
that  this  might  have  acted  as  a  catalyst,  promoting  the  decomposi- 
tion into  ammonia  and  hydrochloric  acid.  This  objection  wa« 
removed  by  the  ingenious  experiment  of  Than.*  He  devised  a 
inodificiition  of  Pebal's  apparatus,  as  shown  in  Fig.  19.  In  the 
liorixontul  tube,  AB,  the  auimouimn  cltloridc  was  placed  at  F  and  a 

*  Lkb.  Ann..  131, 120  (1804). 


porous  plug  of  compressed  ammonium  chlorido  was  introduced  at 
G.  The  tube  was  heated  and  nitrc^en  passed  in  at  C.  The 
reactions  of  the  currents  of  gas  issuing  at  D  and  E  were  testeil 
with  Utinus  as  in  Pebal's  experiment  and  it  was  found  that  the 
gBB  escaping  from  D  was  alkaline,  while  that  issuing  from  E  was 
uid.  This  experiment  proved  beyond  question  that  the  vapor 
of  ammonium  chloride  is  thermally  dissociated  into  ammonia 
nnd  hydrochloric  acid.  Experiments  on  other  substances  whose 
vapor  densities  are  abnonually  small  show  that  a  similar  explan- 
ation is  applicable,  and  thus  furnish  a  confirmation  of  the  law  of 
Avogadro. 

Calculation  of  the  Degree  of  Dissociation.  Since  the  density 
of  a  dissociating  vapor  decreases  with  increase  in  temperature, 
it  ii  important  to  be  able  to  calculate  the  degree  of  dissocation  at 
any  one  temperature.  This  is  clearly  equivalent  to  ascertaining 
the  extent  to  which  the  reaction 

NH4Cl^NH,-f  HCl 

has proeeetled  from  left  to  right.  This  can  be  determined  easily 
faoD  the  relation  of  vapor  iloiisity  to  dissociation.  If  we  start 
with  one  molecule  of  gas  and  let  a  represent  the  percentage  dis- 
■ociation,  then  1  —  a  will  denote  the  percentage  remaining  un- 
(fisaociated.  If  one  molecule  of  gas  yields  «  molecules  of  gaseous 
productfi,  the  total  number  of  molecules  present  at  any  time  will 
be 

(1  -  a)  +  na  =  1  +  (»  -  1)  a. 

Tlie  ratio  1  :  1  +  (n  —  1)  a  will  be  the  same  as  the  ratio  of  the 

:ty  da  of  the  dissociated  gas  to  its  density  in  the  undissociated 

di,  or 

X:i-\-{n~l)a  =  (k:di; 

solving  this  proportion  for  a,  we  have 

"      (n-l)rf,' 

I  The  vapor  density  of  nitrogen  peroxide  hsis  been  measured  by  E. 
[and  L.  Natanson,*  and  the  degree  of  dissociation  at  the  different 

•  Wied.  Ann.,  24.  454  (1885);  a?,  606  (1886). 
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temperatures  calculated  by  means  of  the  preceding  foimula.    Tbe 
following  table  gives  their  results. 

The  course  of  the  dissociation  is  shown  in  the  accompanying 
illustration,  Fig.  20,  in  which  the  abscissse  represent  temperature 
and  the  ordinatea,  percentage  dissociation.     It  will  be  obeenred 


80  100 

Temperature 

Fig.  ao. 

that  the  dissociation  of  nitrogen  peroxide  is  at  first  nearly  pt(^ 
jxirtional  to  tho  temperature.  It  then  increases  more  rapidly 
until,  when  alnrnt  four-fifths  of  the  molecules  of  N^iare  brdcen 
down,  tho  disswiation  prootHxls  slowly  to  completion. 

Specific  Heat  Tlie  addition  of  heat  energy  to  a  body  causes 
its  temperature  to  rise.  The  ratio  of  the  amount  of  heat  supptied 
to  the  resulting  rise  in  temperature  is  called  the  heat  eapadty  of 
the  bod3*;  obviously*  its  \'alue  is  dependent  upon  the  initial  temper' 


DISSOCIATION  OF  NITROGKN  HEROXlDli:,   N|0*. 

AtUOSPBBRIC   PtU»&UB£. 

(DcMityof  NjO.-3.18;    uf  NO,+  NOi=l.59;  ofair=1.00) 


Temiisruan. 

idttnm) 

Deoritr  of  Gm. 

■nciaUiott. 

26.7 

2.65 

J9.96 

35.4 

2  S3 

25.65 

38.8 

2.46 

20  23 

49.6 

2.27 

40  (H 

60.2 

2  08 

52.84 

70.0 

I  92 

65.67 

80.6 

1.80 

75  61 

00  0 

1  72 

S4.S3 

100. 1 

1.68 

H9.2;j 

111.3 

1  65 

tt2.67 

121.5 

!  62 

96.23 

135  0 

1  60 

{iH.m 

154.0 

1  58 

100.00 

ire  of  the  body.  The  specific  heal  of  a  Ruhstance  may  l>e  dofint*d 
A«  heat  cajtacUy  of  unit  masn  of  the  sultMance.  If  dt  repretients 
i  iacremeat  of  temperature  due  to  tlie  addition  of  dQ  iinit.s  of 

I  energy  to  m  granis  of  any  substance,  then  its  specific  heat,  c, 
>e  given  by  the  equation  ^ 


1    dQ 
m    dt 


k  Heat  at  Constant  Pressure  and  Constant  Volume.  It 
bU  known  that  the  spwific  heat  of  a  ga.s  depends  upon  the 
lition^  undtT  which  it  is  det^nninett.  If  a  definite  mass  of 
i  in  heated  umier  constant  pressure,  the  value  of  the  speciSc 
P  <^  is  different  from  the  value  of  the  specific  heat,  c„  ob- 
led  when  the  pressure  varies  and  the  volume  remains  con- 
Dt.  Thp  valut*  of  Cj,  is  invariably  great^T  than  that  of  c^. 
■k  heat  is  supplietl  to  a  gas  at  constant  pressure  not  only  does 
Mfnpprature  rise,  but  it  also  expands,  and  thus  does  external 
dc  On  tlie  other  hand,  if  the  giui  he  heated  in  such  a  way  that 
Ibluzne  cannot  change,  none  of  the  heat  supplied  will  be  used 
BCDg  external  work,  and  consequently  its  heat  capacity  will 
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B  be  less  than  when  it  is  heated  under  constant  pressure.     The 

■  recognition  by  Mayer  in  1841  of  the  cause  of  this  difference  between 
I  the  two  specific  heats  of  a  gas  ted  him  to  his  celebrated  calculation 
I  of  the  mechanical  equivalent  of  heat,  and  the  enunciation  of  the 

■  first  law  of  thermodynamics.  Mayer  obsen'cd  that  the  differ- 
I  ence  between  the  quantity  of  heat  necessary  to  raise  the  tempcr- 

■  ature  of  1  gram  of  air  1°  C.  at  constant  pressure,  and  at  constant 
L volume  respectively,  was  0.0692  caloric,  or 

^^  Cj,-c,  =  0.0692  cal. 

That  is  to  say,  0.0692  calorie  is  the  amount  of  heat  energy  which 
is  equivalent  to  the  work  required  to  expand  1  gram  of  air  1/273 
of  its  volume  at  0°.  Imagine  1  gram  of  air  at  0**  enclosed  within 
a  cylinder  having  a  cross-section  of  one  square  centimeter,  and 
furnished  with  a  movable,  frictionless  piston.  Since  1  gram  of 
air  under  standard  conditions  of  temperature  and  pressure  occu- 
pies 773.3  cc,  the  distance  between  the  piston  and  the  bottom  of 
the  cylinder  will  be  773.3  cm.  If  the  temperature  he  raised  from 
0"  to  r,  the  piston  will  rise  1/273  X  773.3  ^  2.83  cm.,  and  since 
the  pressure  of  the  atmosphere  is  1033.3  grams  per  square  centi- 
meter, the  external  work  done  by  the  expanding  gas  will  be 

1033.3  X  2.83  =  2924.3  gr.  cm. 

This  is  evidently  equivalent  to  0.0692  calorie  and  therefore,  the 
equivalent  of  1  calorie  in  mechanical  units,  J,  will  be 


I 


J  -^ 


2924.3 


0.0692 


==  42,258  gr.  cm., 


a  vahic  agreeing  verj*  well  with  the  best  recent  determinations 
the  mechanical  equivalent  of  heat. 

The  difference  between  the  two  specific  heats  may  be  easily 
calculated  in  calories  from  the  fundamental  gas  equation.  Start- 
ing with  1  mol.  of  gas,  and  remembering  that  when  a  gas  expands 
at  constant  pressure,  the  product  of  pressure  and  change  in  volume 
is  a  measure  of  the  work  done,  we  have,  at  temperature  Ti**, 

pvi  —  RTt, 

where  vi  is  the  molecular  volume.     Raising  the  temperature  to 


J 


Ti,  the  corresponding  molecular  volume  being  r>t,  we  have  for 
tbc  work  done  during  cxpamiiuu 

p  (wa  -  Pi)  =  i2  (Ta  -  r»). 
If  7t  -  Ti  =  I**,  then  the  equation  reduces  to 
p  (i^  -  V\)  -  R. 

Since  the  difference  JM'twwn  the  molecular  heats  *  at  constant 
prwKire  and  consUint  volume  is  equivalent  U>  tlie  exU;mal  work 
involved  when  the  temperature  of  1  mol.  of  gas  is  raised  1",  we  have 

where  M  is  the  molecular  weight  of  the  gas;  and  therefore 
M  (fp  —  c)  =  R  =  2  calories. 

In  words,  the  difference  of  the  molecular  heats  of  any  gas  at 
constant  pressure  aud  at  constant  volume  is  2  calories.    The 
specific  heat  of  a  gas  at  constant  jjrtwsure  can  be  readily  deter- 
niioed,  by  j>assing  a  definite  vuluine  ttf  llie  giis,  heated  under  con- 
stout  preiwure  to  a  known  temperature,  tlirougli  the  worm  of  a 
calorimeler  at  such  a  nite  thai  a  ronst:irit  difference  is  maintainetl 
between  the  teniiMTiiture  of  the  eiilx^riiig  and  the  temj)eraiure  of 
the  escaping  gas.     Thus  the  nunilwr  of  calorics  which  causes  a 
^^efioite  Iheniia!  change  in  a  certain  vohniie  of  the  gas  is  detiT- 
^RlintHl,  nnrl  from  this  it  is  an  pjLsy  matter  to  calculat^^  the  specific 
beat,  c,.     The  molecular  heat  at  constant  pressure  for  all  gases 
approaches  the  limiting  value,  6.5,  at  the  absolute  zero.     This 
reJation,  due  to  I^e  Chatelier,  may  be  expressed  thus, 
Afcp  =  6.5  -t-  aT, 

where  a  is  a  constant  for  each  gas.  The  value  of  a  for  hydrogen, 
ox>'gcn,  nitrogen  and  carbon  monoxide  is  O.OOl,  for  ammonia, 
0.0071  and  for  carbon  dioxide,  0.0084.  As  the  complexity  of  the 
gas  increases  the  value  of  a  becomes  numerically  greater. 

The  experimentnl  detemiinaTion  of  the  specific  heat  of  a  gas  at 
constant  volume  is  difficult  and  the  results  obtained  are  not 
tniatworthy.    The  chief  CAUse  of  the  inaccuracy  of  the  results 

*  The  mvtendar  iteat  of  ago*  U  ecptal  to  tite  prvtivcl  vf  Ua  apeci/ur  heat  and  ito 
meUntiar  weight. 
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is  that  the  vessel  rontaining  the  gas  absorbs  so  much  more 
thaii  tlu'  gas  it-self  that  tlit?  corr^trtion  is  mimy  times  lai^r  than 
the  quantity  to  be  measured.  The  specific  heat  at  constant  vol- 
ume is  almost  always  obtained  by  indirect  methods,  as  for  exajnple 
by  means  of  Iht'  prewtling  fonuLila 

Af  (Cp-c)  =  R  =  2cal., 

in  which  the  values  of  M  and  c,  are  known. 

The  niolecuUir  boats  of  some  of  the  commoner  gases  and  vapora 
arc  given  in  the  subjoined  table  together  witli  the  ratio  c^/c^ 

MOLECULAR  SPECIFIC  HEATS. 


i 


Qm. 


^^b^son 

^^^%eTiuro 

Mercury 

Hydrogen 

Oxygen  . ..,....., 

Nitrogon ,, 

Glilorint! 

Bromine  ,..,..... 

Nitric  oxide 

Carbon  monoxide. . 

Hydrorliloric  acid. 

Carbon  dioxide. . . 

Nitrous  oxide 

Water 

Sulphur  dioxide. . . 

Oione 

Ether 


Uf, 


6.88 
6  96 
6  03 
S.SS 
8  88 
6  05 
6,86 
6.68 
955 
9.M 
8.65 
9.88 

3s!5i 


*^ 


4.88 
4  9G 
iM 
6.aH 
6,«8 
4.95 
4.86 
4.68 
7.55 
7.94 
6.65 
7.88 


C^C.-'Y 


The  Ratio  of  the  Two  Specific  Heats.  There  arc  two  methods 
by  whicli  the  ratio  Cp/c^  can  !>c  detorniintsl  directly,  one  due  to 
Clement  and  Desormcs  *  and  the  other  due  to  Kundt.t 

Method  of  Clement  and  Desorme^.  The  apparatus  difvtsed  by 
these  investigators  can.^ists,  as  i.s  shown  in  Fig.  21,  of  a  glass 
balloon  flask,  A,  of  about  20  liters  capacity,  fumislnH!  \vith  two 
Btop-rocks,  D  and  E,  and  a  manomet<!r,  C.  The  stop-cock  D 
has  an  aperture  ni!:u'ly  us  large  a.s  tht;  diameter  of  the  neck  of  the 

*  Jour,  de  phys.,  89,  321,  428  (1819). 

t  F^)gg.  Ann.,  137,  497  (1866);  135.  337,  527  (1868). 
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flttk,  B.  To  determine  the  ratio  of  the  two  specific  heatSi  the 
flask  is  filled  with  the  gae  under  a  pressure  slightly  greater  than 
bsrometric  pressure.  The  manometer  C  serves  to  measure  the 
presBure  of  the  gas  within  A,  After  the  value  of  the  pressure 
has  been  read  on  the  manometer,  the  stop-cock  D  is  opened 
momeotarily  to  the  air,  thus  permitting  the  pressure  of  the  gas 
to  fall  adiabatically  to  that  of  the  atmosphere.    The  stop-cock 


Fig.  21. 

is  then  closed  and  the  flask  is  allowed  to  stand  for  a  few  moments 
until  its  contents,  which  has  cooled  by  adiabatic  expansion,  has 
r^ained  the  temperature  of  the  room.  The  pressure  on  the 
manometer  is  then  observed.  Let  the  initial  pressure  of  the  gaF 
be  denoted  by  po,  and  atmospheric  pressure  by  P.  If  the  initial 
and  final  specific  volumes  are  denoted  by  vq  and  vi,  then  for  an 
adiabatic  process,  we  have 


The  value  of  the  final  specific  volume  \s  determined  from 
final  pressure,  pi,  by  an  application  of  Boyle's  law,  the  pressure  pf 
being  developed  isothermolly. 
Thus, 

Cj     Pa' 
and  consequently 


or 


logP-  logpo 


log  pi  -  log  po 

Method  of  Kundt.     According  to  the  formula  of  Laplace  for  the 
velocity  of  transmission  of  a  sound  wave  in  a  gas,  we  have 


in  which  p  and  d  denote  the  prewure  and  density  of  the  gas,  and 
7  is  the  ratio  of  the  two  specific  heats.  If  the  wave  velocities  in 
two  different  gases,  whose  densities  are  d\  and  dt  under  the  some 
conditions  of  temperature  and  pressure,  be  denoted  by  vi  and  vt, 
we  may  write  __ 

Vi      *  yidi 

or  replacing  the  densities  of  these  gastus  by  their  respective  molec- 
ular weights,  Ml  and  .Uj,  we  have 


Tiitfi 


(1) 


The  ratio  of  the  velocities  of  the  two  waves  can  be  measured  by 
means  of  the  apparatus  shown  in  Fig.  22.  A  wide  glass  tube 
about  ij  metrf^rs  in  length  is  fiimishcfl  with  two  side  tubes,  IC  and 
F.  Into  one  end  of  the  tube  is  inserted  the  glass  rod  BD  which 
is  clamped  at  its  middle  point  by  a  tightly  fitting  cork,  C.  The 
other  end  of  the  tube  is  closed  by  means  of  thf  phinger  A.  A 
small  amount  of  lycopodium  powder  is  placed  upon  the  bottom  of 
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the  tube  and  b  distribut'ed  unifoniily  by  g(*ntly  tapping  the  walls  I 
of  the  tulje.  The  gas  in  which  the  velocity  of  tlie  sound  wave] 
is  to  be  determined  is  introduced  into  the  tube  through  E,  and 
the  displaced  air  escapes  at  F.  When  the  tube  is  filled,  E  and  Fl 
ah?  cloeed  by  means  of  ruliber  caps,  and  a  piece  of  moistened ' 
chamois  leather  is  drawn  ahtng  BD  causing  it  to  vibrate  longituili- 
nally  and  to  emit  a  shrill  note.    The  vibrations  are  taken  up  by  the 


B 


^^ 


^      i>      «l)l»      'f 


? 


Fig.  22. 


gas  in  the  tube  and  the  powder  arranges  itself  in  a  series  of  heapa 
correttponding  t«  the  mxlt*s  of  vibration.  If  the  nodes  are  not 
dutfp'y  dpfincKi,  then  A  should  l>e  moved  in  or  out  until  they 
Income  so.  If  Xi  is  the  distance  between  two  heaps  or  nodes, 
thea2Xi  ^^'ill  be  the  wave  length  of  ttie  note  emitted  by  the  rod 
BD,  and  if  n  represents  the  number  of  vibrations  per  second  of 
the  note  emitted,  we  have  for  the  velocity  of  sound  in  the  gas 

Vi  =  2nXi. 
ffimihirly  if  a  second  gas  be  introduced  into  the  tube  wc  shall 
have 

1^  -  2  nXa. 
Therefore, 

pi_Xi. 
Pi     Xi' 
Substituting  tn  equation  (1),  we  have 


I 


^\^ 


Xa 


ytMi 


or 


7i  =  7a  ; 


Xt* 


0) 


Ml. 

If  the  second  gas  is  air,  as  is  usually  the  case,  tj  —  1.405  and  ^ft  = 
28.74,  (niol.  wt.  of  hydrogen  -v-  density  of  hydrogen  referred  to  air, 
or  2  -i-  0.0696  =  28.74)  or  equation  (3)  becomes 
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7i  «  1.40o  r^'Tn 


I 


I 


U  28.74 

Thus,  y  for  any  gas  can  be  determined  by  this  method  provided 
we  know  its  value  for  another  gas  of  known  molecular  weight. 

Specific  Heat  of  Gases  and  the  Kinetic  Theory.  In  terras  of 
the  kinetic  theory,  the  energy  uf  a  gas  may  hv  considered  to  be 
made  up  of  three  parta:  (I)  the  tranalational  energy  of  the  mole- 
cules, commonly  termed  tlieir  kinetic  energ>',  (2)  the  intramolec- 
ular kinetic  energ>-,  and  (3)  tlie  potential  energj'  due  to  inter- 
atomic attraction  within  the  molecules.  When  a  gas  is  heated 
at  constant  volume  all  tliree  of  these  factors  of  the  total  energy 
of  the  molecule  may  \w.  afTecte<I.  It  is  fair  to  assume,  however, 
that  when  a  monatomic  gaa,  such  as  mercury  vapor,  is  heated, 
all  of  the  heat  energy  supplied  is  used  to  augment  the  translational 
kinetic  energj*  of  tlie  moieculet*.  As  we  have  seen,  the  fundamental 
kinetic  equation 

pv  =  l/Snrrw" 
may  be  written 

pv  =  2/3' 1/2  nmd', 

and  since  1/2  nnu^  represents  the  total  kinetic  energy  of  the  gas, 
we  have 

pv  =  2/3  kinetic  energy  of  1  moL, 
or 

kinetic  energj'  of  I  mol.  =  3/2  pv. 

But  pp  ■=  2  r  calorics,  therefore 

kinetic  energy  of  1  mol.  =  3  Teal. 

The  kinetic  energy  of  a  conatant  volume  of  any  gas  at  the  tempej^ 
atures  Ti  and  Tt,  is  given  by  the  following  equations:  — 

3/2  pu' =  3  7*1, 
and 

3/2  pbp  =  3  Tt. 
Subtracting  (1)  from  (2)  we  obtain 

3/2  (p,  -  p,)  V  =  3  (r«  -  T,), 
and  for  an  increase  in  temperature  of  l**,  (3)  becomes 
3/2  (ps  -  Pi)  «  =  3  cal. 


The  molecular  kinetic  energy  of  one  mole  of  a  monutomic  gas 
It  nonstant  voiume  is  thus  increased  by  3  calories  for  each  degree 
rise  in  temperature.     As  hiis  alrcaiiy  been  shown, 

Af  (c,  -  c,)  =  2  cal, 
therefore,  siiice  Afc.  s=  3  calories.  Mcj,  =  3  +  2  —  5  calories,  and 

Mcp     S      ,  -„ 

^=FS  =  3= '•«•'• 

Thi«  value  of  7  is  in  perfect  agreement  with  the  results  of  th© 
experiments  on  morcurj'  vapor  which  is  known  to  be  roonatomic. 
The  converse  of  this  method  has  been  employed  by  Ramsay  to 
prove  that  the  rare  gases  of  the  atmosphere  are  monatomie,  the 
vahM  of  y  for  all  of  these  gases  being  1.66.  In  the  case  of  poly- 
atomic molecules  the  heat  encrg>*  supplied  is  not  only  used  in 
increasing  their  translational  kinetic  energy*,  but  al^o  in  the 
performance  of  work  within  the  molecule.  The  value  of  the 
internal  work  is  indetermrnatc,  but  it  is  without  doubt  constant 
for  any  one  gas,  If  the  internal  work  be  represented  by  a,  then 
the  value  of  the  ratio  of  the  two  specific  heats  will  be 


7  = 


_  Mcp  _  5  -f  n 
~  Mc,~3  +  a 


<  1.66>  1, 


« 

4 


Reference  to  the  table  on  p.  96,  giving  the  value  of  y  for  differ- 
enl  gases,  will  show  that  this  dfiduction  from  the  kinetic  theory 
is  in  perfect  agreement  with  the  experimental  facts.  With 
increasing  complexity  of  the  molecule,  it  is  apparent  that  the 
imoimt  of  heat  expended  in  doing  internal  work  should  increase, 
uid  therefore  the  specific  heat  should  increase  also.  Inspection 
rflhe  table  confirmB  this  deduction.  The  specific  heat  of  mona^ 
tomic  gases  is  independent  of  the  temperature  while  the  specific 
heat  of  polyatomic  gases  increases  slightly.  These  results  may 
justly  be  regarded  as  among  the  greatest  triimiphs  of  the  kinetic 
theory  of  gases. 
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PROBLEMS. 

1.  The  volume  of  a  quantity  of  gaa  U  measured  when  the  barometer 
stands  at  72  cm.,  and  is  found  to  l)e  040  t-c.:  what  would  its  volume  be 
at  uumial  pressure?  Ans.   612  cc. 

2.  At  what  pressure  would  the  gas  in  the  preceding  pnibleni  have  a 
volume  of  oSO  cc?  Ajis.   80.19  cm. 

3.  A  certain  quanlity  of  oxygen  occupies  a  volume  of  300  cc.  at  0**: 
find  its  volume  at  91".  Arui.   400  cc. 

4-  The  weight  of  a  liter  nf  air  under  standard  conditions  Is  1.203  grams: 
to  what  temperature  mual  the  air  be  heated  uu  that  it  may  weigh  e.xactly 
1  gram  per  liter?  Ans.  TO^.QQ, 

6.  At  what  tempemture  will  the  volume  of  a  given  mass  of  khs  be 
exactly  double  what  it  is  at  17"?  Am.   307°. 

6.  On  heating  a  certain  quantity  of  mercuric  oxide  it  is  found  to  give 
off  380  cc.  of  oxygen,  the  temperature  being  23*  and  the  barometric 
height  74  um.;  what  would  be  the  volume  of  the  gas  under  standard 
conditions?  Ans.  341.25  cc. 

7.  A  liter  of  air  weighs  1.203  grams  under  slandurd  condiLions.  At 
what  temperature  will  a  littr  of  air  weigh  1  gram,  the  pressure  being  72  cm.? 

A718.   6r.43. 

8.  A  quantity  of  air  at  atmospheric  pressure  and  at  a  temperature  of 
7"  is  compressed  until  its  volume  is  reduced  to  one-seventh,  the  temper- 
ftturn  ri.sing  20°  during  the  prcHsess:  find  the  pressure  at  the  end  of  the 
operation.  Ans.   7.3  atmofi. 

9.  The  weight  nf  a  liter  of  nitrogen  under  standanl  conditions  is  1 .2579 
grams.     Calculate  the*  specific  gas  constant,  r,  Ans.  3007  gr.  cm. 

10.  The  time  of  outflow  of  a  gas  us  21.4  minut^-s,  the  corresponding 
time  for  hydrogen  is  5.6  minutes.    I'lnd  the  molecular  weight  of  the  gas. 

Ana.   2[>.2 

11.  Calculate  the  molecular  weight  of  chloroform  from  the  foUowing 
data:  — 

Weight  of  chloroform  taken   i^....      0. 220  gr. 

Volume  of  air  collected  over  water  45 .0  cc. 

Temperature  of  air 20° 

Barometric  pressure 755 .0  mm. 

Pressure  of  aqueous  vapor  at  20° 17 .4  mm. 

.4m.  IJWr-^ 
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12.  The  density  of  a  gas  is  0.23  referred  to  mereury  vapor.    What  is 
its  molecular  weight?  Ans.  46. 

13.  Fhoephorus  pentachloride  dissociates  according  to  the  equation 

PCl5  4=*PCl,  +  Cl,. 

The  mokcular  weight  of  PCls  is  20S.28.    At  182''  the  density  is  73.5  and 
at  23(P  it  is  62.    Rnd  the  degree  of  dissociation  at  the  two  temperatures. 

Ans.    a,n»  =  0.417,  am"  =  0.68. 

14.  The  specific  heat  at  constant  volume  for  argon  is  0.075,  and  its 
molecular  weight  is  40.    How  many  atoms  arc  there  in  the  molecule? 

Ana.   1. 

15.  What  is  the  specific  heat  of  carbon  dioxide  at  constant  volume,  its 
molecular  we^t  being  44  and  the  temperature  50°.  Ans.  0.164. 

16.  The  specific  heat  for  constant  pressure  of  benzene  is  0.295:  what  ia 
the  specific  heat  for  constant  volume?  Ans.  0.27. 


General  Characteristics  of  Liquids.  The  most  marked  char- 
acteristic of  the  liquid  state  is  that  a  given  mass  of  liquid  has  a 
definite  volume  but  no  definite  form.  The  volume  of  a  liquid  is 
dependent  upon  temperature  and  pressure  but  to  a  much  smaller 
degree  than  is  the  voliune  of  a  gas.  The  formulas  in  which  the  vol- 
ume of  a  liquid  is  expressed  as  a  function  of  temperature  and  pres- 
sure are  largely  empirical,  imd  contain  constants  dependent  upon 
the  nature  of  the  liquid.  This  is  undoubtedly  due  to  the  fact  that 
in  the  liquid  state  the  molecules  are  much  less  mobile  than  in  the 
gaseous  state.  The  distance  between  contiguous  molecules  l>eing 
much  less  in  liquids  than  in  gases,  the  mutual  attraction  is  increased 
while  the  mobility  is  correspondingly  diminished.  That  liquids 
represent  a  more  condensed  form  of  matter  than  gases  is  showTi 
by  the  change  in  volume  which  results  when  a  liquid  is  vaporiaed: 
thus,  1  cc.  of  water  at  the  boiling  point  when  vaporized  at  the  aame 
temperature  occupii-s  a  volume  of  about  1700  cc.  A  liquid  con- 
tains less  energy  than  a  gas,  since  energy  is  always  required  to 
transfonn  it  into  the  gaseous  state.  Since  gases  can  be  liquefied 
by  increasing  the  pressure  and  lowering  the  temperature,  and  since 
liquids  can  be  vaporized  by  lowering  the  pressure  and  increasing 
the  temperature,  it  is  apparent  that  there  is  no  generic  difference 
between  the  two  states  of  matter. 

Connection  Between  the  Gaseous  and  Liquid  States.    If  a  gas 

b  compressed  isothemially,  its  state  may  change  in  either  of  two 

ways  depending  upon  the  temperature:  —  (1)  The  volume  at  first 

diminishes  more  rapidly  than  the  pressure  increases,  then  in  the 

same  ratio  and  lastly  more  slowly.     When  the  pressure  attains  a 

very  high  value  the  volume  is  but  sUghtly  altereii.     This  case 

has  already  been  considereil  in  the  preco<iing  chapter.     (2)  The 

volume  changes  more  rapidly  than  the  pressure  until,  when  a  cer- 
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Uin  pressure  is  reached,  the  gas  cetv^s  to  be  homogeneous^,  partial 
iiqurfaction  resulting.  For  a  constant  temperature,  the  pressure  at 
which  liquefaction  occurs  is  invariable  for  a  given  gas,  while  the  vol- 
ume steadily  diminishes  until  liquefaction  ia  complete.  Ouly  when 
the  whole  mass  of  gas  has  ]x*en  liquefied  is  it  pussible  to  increase 
the  pressure  and  then,  owing  to  the  stiiall  compressibility  uf  liquids, 
A  l&rge  incre-ase  in  pressure  is  required  to  produce  a  slight  dimin- 
ution in  volume.  If  the  temperature  is  above  u  certain  point, 
dependent  upon  the  nature  of  the  gas,  the  phenomena  of  com- 
pression win  follow  (1);  if  below  this  point,  the  process  will  follow 
(2).  That  a  gas  may  behave  in  cither  of  the  above  ways  was 
first  clearly  recognized  by  Andrews*  in  1869,  in  connection  with 
bis  experiments  on  tlip  liquefaction  of  carbon  dioxide.  He  found 
that  if  carbon  dioxide  was  compressed,  keeping  the  temperature 
at  0*,  the  volume  changes  more  rapidly  than  the  pressure,  lique- 
faction resulting  when  a  pressure  of  35.4  atmospheres  was  reached. 
A§  the  temperatxu^  was  raised,  he  found  that  a  higher  pressure 
was  required  to  liquefy  the  gas,  until  at  temperatures  above 
3(P.92  it  was  no  longer  possible  to  condense  the  gas  to  the  liquid 
state.  The  temperature  above  which  it  was  no  longer  possible 
to  liquefy  the  gas  he  tenned  the  crilical  temperature.  In  like 
naziner  the  pressure  required  to  liquefy  the  gas  at  the  critical 
temperature,  he  termed  the  critical  preasure,  and  the  volume 
occupied  by  the  gas  or  the  liquid  under  these  conditions  he  called 
the  critical  volume. 

IsothermAls  of  Carbon  Dioxide.  The  results  of  ^'Vndrcw's 
operiraenta  t  on  the  liquefaction  of  carbon  dioxide  arc  shown  in 
fig.  23,  in  which  the  ordinatcs  represent  pressures  and  the  abseissse 
the  corresjKjnding  volumes  at  constant  temperature.  The  curves 
obtained  by  plotting  volumes  agamst  pressures  at  constant 
ttmperatures  are  called  isothcmials.  For  a  gas  which  follows 
Boyle's  law,  the  isotherraals  will  be  a  series  of  equilateral  hy- 
perbolas. This  condition  is  approximately  fulfilled  by  air,  for 
which  three  isothermals  are  given  in  the  diagram.  At  48°.  1  the 
isothermal  for  carbon  dioxide  is  nearly  h>'perbolic,  but  as  the 

•  Trana.  Roy.  Soc.  159,  683  (1860). 
1  loc.  cit. 
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temperature  becomes  lower,  the  isothermals  deviate  more  ai 
from  those  for  an  ideal  gas.     At  the  (Titicul  tempeniture, 


Fig.  23. 


the  curve  is  almost  faorizontul  fur  a  »hort  distiincc,  showing 
a  verj*  slight  chiuige  in  pressure  thi're  is  an  euoniious  si 
in  volume.     At  still  lower  temperatures,  21°.  1   and   13 


zontdl   portions  of  the  curves  are  much  moro  pronounced, 

ioaling  that  during  liquefaction  there  is  no  change  in  pressure. 
ben  liquefaction  is  complete  the  curves  rise  abruptly,  showing 
At  the  change  in  volume  is  esctreniely  small  for  a  large  increase 

pressiirc;  in  otiier  words  tlie  liciuefied  gas  possesses  a  small 
efficient  of  cun^pre^tsilJiUty.  At  any  point  within  the  parabolic 
iw,  indicateil  liy  the  dotted  line  ABC,  Iwtli  vapor  and  liquid  are 
OEOfAent't   at  any  point  (jut-siiic,  <mly  one  fonii  of  matter,  either 

qtud   or    vapor,  \a  present.     .\ndrew's   experiments  show   that 

lere  is  no  fundiunental  difference  between  a  gas  and  a  liquid. 
It's  apparent  from  the  dijigrani  that  when  carbon  dioxide  is  sub- 

Prted  to  great  pressures  nbove  its  crititral  temi>erature  it  behaves 
BW»re  like  a  liquid  than  a  gas,  in  fjict  it  is  difficult  to  determine 
vfaetber  a  highly  compressed  g!Ls  above  its  critical  temperature 
tliould  be  classified  as  a  gas  or  as  a  liquiil. 

Van  der  Waals*  Equation  and  the  Continuity  of  the  Gaseous 
ind  Liquid  States.     In  tlie  prciH-ding  chapter  we  have  learned 

Uiil  the  fundamental  g:us  equation 

pv  =  HT 

tt  ODiy  strictly  applicable  to  an  ideal  gas,  and  that  the]  behavior 
of  lurtual  gases  is  represented  with  consideral>ie  accuracy,  even  at 
high  pressures,  by  the  equation  of  van  der  Waals, 

If  this  (Kjuation  be  arranged  in  d<!scen{ling  powers  of  r,  we  have 


v^-v^L 


b  + 


RT\.      a      <ih      .. 

—  1+  (' =  0. 

P  /        P       P 


(1) 


This  l)eing  a  cubic  equation  has  three  possible  solutions,  each  val- 
iJt  of  p  affording  three  corresponding  values  off;  a,  fr,  fland  Tbeii^ 
treated  as  constants.  The  three  roots  of  this  equation  are  either 
^1  real,  or  one  is  real  and  two  are  imaginary,  depending  upon  the 
values  of  the  constants.  That  is  to  say,  at  one  temperature 
uul  pressure  the  values  of  a  and  fe  may  be  such,  that  v  has  three 
fWil  values,  while  at  another  temperature  and  pres.sure,  v  may 
liave  one  real  and  two  imaginary  values.    In  the  accompanjing 
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retical  cun'es  there  are  no  sudden  breaks  such  as  appear  in 
actual  discontinuous  pass^e  from  the  gaseous  to  the  liquid  st 
Instead  of  piussing  from  /?  to  />  along  the  wavelike  path  BaC 
experiment  h».s  shown  that  the  substance  passes  directly  from 
state  B  to  the  state  D  alon^  the  straight  line  BD.     It  is  J 


thai  van  der  Waals'  equation  fails  to  apply.  As  has  l>ccn  pointed 
out  the  Rubstance  between  the«!  two  fKiintn  is  not  homogeneous, 
bong  partly  gaseous  an<I  partly  liqt]i<l.  Attempts  have  beeji 
made  to  realize  the  portion  of  the  curve  BaCbD  experimentally. 
By  studying  suiwraaturate*!  vapors  and  superheated  liquids  it 
bis  been  found  possitjle  to  follow  the  Iht'oretical  curve  for  »hort 
distances  between  B  and  D  without  discontinuity,  but  owing  to 
tbe  instability  of  the  substance  in  this  region,  it  is  evident  that 
the  complete  isothennal  and  continuous  transformation  of  a  gas 
into  a  liquid  can  never  l)e  effected.  Van  der  Waab*  has  called 
attention  to  the  fact  that  in  the  siu^ace  layer  of  a  liquid,  where 
unique  conditions  prevail,  it  is  quite  possible  that  such  unstable 
nates  may  exist,  and  that  there  the  transition  from  liquid  to  gas 
My  in  reality  be  a  continuous  process.  The  diagram  shows  that 
18  r  increases,  the  wave-like  portion  of  the  isothermals  becomes 
less  pronounced  and  eventually  disappears,  when  the  points  J?, 
C  and  D  coalesce.  At  this  point  the  three  roots  of  the  equa- 
tion become  equal,  the  volume  of  the  liquid  l)ecoming  identical 
»ith  the  volume  of  the  gas.  The  substance  at  this  point  is  in  the 
critical  condition.  Since  under  these  conditions  the  three  roots 
of  the  equation 


P* 


-('-? 


ab 


P  /  V         V 


(1) 


VC  equal,  we  may  write  »i  =  t»i  =  ri=  fe,  the  subscript  c  indicat- 
ing tbe  critical  state.    Then  equation  (1)  must  be  equivalent  to 
(t-  -  v,Y  =  y"  -  3  lut^  +  3  v,hf  -  t;.>  =  0.  (2) 

Equating  the  corresponding  coefficients  of  equations  (1)  and  (2), 
•t  have 

3fc  -  0-1 -» 

Pa 


and 


.      ab 

P« 


Dividing  equation  (5)  by  equation  (4),  we  have 

p. -36, 
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and  substituting  this  value  in  equation  (4);  we  obtain 


Lastly,  Bubatituting  the  values  uf  v^  and  7;^  given  in  equations 
(6)  and  (7),  in  equation  (3)^  we  liave 


T.^J-!" 


27  bli 


Therefore, 


m 


(0) 


Or  expressing  the  consljints  a,  h  and  R  in  terms  of  the  critical 
values  of  pressure,  temperature  and  volume,  we  have 


and 


a  =  3  pcVc\ 

3  n  * 


(10) 

(11) 

(12) 


By  means  of  equations  (6),  (7)  and  (8)  it  is  possible  to  calculate 
the  critical  constauUs  of  a  gjLs  when  the  eonstanta  a  and  b  of  van 
der  Wmds'  eqiiiilion  are  known.  If  wt-  tjike  airlmri  dioxide  as  an 
exaniijli',  for  whieh  a  =  0.00874  and  h  =  0.(K»23  we  obtain 
»e  =  0.00C9  (observed  value  =  O.OOGG),  pc  =  61  utinospheres, 
(ubservwl  value  =  70  atinasplieres),  T^  =  305°.;")  abs.,  (obsened 
value  303°.9  abs.).  Conversely  l)y  inean.s  at  equation.-*  (10)  and 
(11)  the  v:due  of  a  and  5  can  he  calculated  when  Uie  critical  daU 
arc  given. 

Corresponding  Conditions.  If  in  the  cqualion  of  van  iler 
Waalfs,  the  valtu^  of  p,  v  and  T  be  expressed  as  fractions  of  the 
corresponding  critical  values,  we  may  write 


and 


P    =   «Pc7 
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lUtutlng  these  values  in  the  equation 


ive 


(""' + tfb)  ^""  -  *'  =  '^^^" 


I  replacing  pc,  tv.  and  Tc  by  their  valuca  given  in  equations  (6), 
and  (8)  of  the  preceding  paragraph,  we  obtain 


hi) 


(3^-1)  =  87, 


fich  Ls  van  der  Waals'  reduced  equation  of  condition. 
In  this  equation  evcrjthing  eonnected  with  the  individual 
inn  uf  the  substance  ha^i  vanished,  thus  makir^  it  applicable 
all  aulwtances  in  the  liquid  or  gaseous  state  in  the  same  way 
It  the  fundamentjil  gas  equation  is  applicable  to  all  gases  irre- 
pctive  of  their  specific  nature.  It  has  been  showTi,  however, 
It  the  equation  is  not  entirely  trustworthy  and  at  best  can  be 
isvdered  as  little  more  than  a  rough  approximation.  The 
kf  point  to  be  observed  in  connection  with  this  equation  ig 
It  whereas  for  gases,  the  corresponding  values  of  temperature, 
HBure  and  volume,  measured  in  the  ordinary  units,  may  be 
Inpared,  it  is  necessar>'  in  the  case  of  liquids  to  make  the  com- 
Irison  under  correspmiding  conditions.  For  example,  the  molec- 
Itf  volumes  of  two  liquids  are  to  be  compared,  not  at  room 
(nperature  but  at  temperatures  which  are  equal  fractions  of 

fr  reepective  critical  temperatures.  Such  temperatures  van 
Waals  called  corresponding  temperatures. 
f'  way  of  illustration,  suppose  we  wish  to  compare  alcohol 
ether  with  respect  to  some  particular  property,  such  as 
riace  tension.  If  the  surface  tension  of  alcohol  be  measured 
I  60%  at  what  temperature  must  a  similar  measurement  be 
ide  with  ether  in  order  that  the  results  may  be  comparable? 
)w  critical  temperature  of  aicofiol  is  243"  C.  or  516*  absolute; 
tat  of  ether  is  194°  C.  or  467°  absolute.  Then  according  to  van 
K  Waals' definition  of  corresponding  conditions,  the  temperature, 
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I,  at  which  measurements  should  be  made  with  ether  will  be  ^'' 
by  the  proportion,  273  +  t  :  467  ::  273  +  60  :  516.  or  i  =  28" 
By  making  comparisons  of  various  properties  at  correspond 
temperatures  it  has  been  found  that  greater  regularities 
oteerved  than  when  comparisons  are  made  at  the  same  tempe 
ture,  thus  justifjing  the  claim  of  van  der  Waals. 

Liquefaction  of  Gases.  The  history  of  the  liquefaction 
gases  lias  for  a  long  time  been  r^arded  as  one  of  the  m 
intere^dting  chapters  of  physical  science.     Among  the  first  succc 
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Fig.  25. 

ful  workers  in  this  field  was  Faraday.*  He  liquefied  practica 
all  of  the  gases  wliich  condense  under  moderate  pressures  and 
not  very  low  temperatures.  A  sketch  of  the  apparatus  used 
Faraday  is  shown  in  Fig.  25.  It  consisted  of  on  inver) 
V-shaped  tul>e,  in  one  end  of  which  wan  ])IaceJ  some  solid  wh: 
would  liberate  the  desired  gas  on  healing,  while  the  other  e 
was  sealed  and  immersed  in  a  freexing  mixture.  When  the  si 
st^ant*  at  A  had  been  lieat<?d  long  enough  to  liberate  considera 
gas,  the  pressure  within  the  tube  b*^*ame  sufficiently  high  to  cai 
the  gas  to  liquefy  at  the  temperature  of  the  end  B.  Thus  chlori 
•  PhiLTrana.  113.  189  0823). 
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ite  was  heated  in  the  tube  and  the  liberated  chlorine  was 
'ttsed  at  B  as  ji  yellow  liquid.  In  1834,  Thilorier*  succeeded 
ueiying  carbon  dioxide  in  quite  large  amoimts  by  the  use  of 
IT  fonn  of  apparatus.  In  connection  with  his  experiments 
|uid  carbon  dioxide,  he  obsen^ed  that  when  it  was  allowed  to 
■ize,  enough  heat  was  absorbed  to  lower  the  temperature 
^  its  freesing  point,  solid  carbon  dioxide  being  obtained.  He 
wred  that  a  mixture  of  solid  carbon  dioxide  and  ether  was  a 
rfuJ  refrigerant,  and  that  under  diminished  pressure  the 
ire  gave  temperatures  ranging  from  —  100°  C.  to  —  llO^C. 
mixture  is  known  today  as  TkiUmeT\^  mijiure.  Faraday  f 
rtook  the  liquefaction  of  the  so-ciiUed  jjermaiient  gases  in  1845. 

this  second  series  of  experiments  by  Faraday  he  employed 
ST  pressures  than  m  his  earlier  experiments,  and  also  made 
yS  the  newly  discovered  Thilorier  mixture  as  a  refrigerant. 
rtm  partially  successful  in  bis  attempt  to  liquefy  the  hitherto 
ondensible  gases.  He  U<iuefied  etliylene,  phosphine  and 
obromic  acid  and  also  solidified  ammonia,  cyanogen,  and 
itis  oxide.  He  failed  to  liquefy  hydrogen,  oxygen,  nitrogen, 
:  osdde  and  carbon  monoxide.  No  further  advance  in  the 
faction  of  gases  was  made  until  the  year  1869  when  Andrews 
ted  out  the  importance  of  cooling  the  gas  below  its  critical 
lerature.  This  discoverj-  explained  why  so  many  of  the 
er  experiments  had  failed,  and  opened  the  way  to  the  brilliant 
ieses  of  the  latter  part  of  the  nineteenth  century.  In  1877, 
etet  X  and  Pictct,  §  working  independently,  succeeded  in 
'^tng  ox>'gen.  Cailletet  subjected  the  gas  to  a  pressure  of 
iSOO  atmospheres  using  boiling  sulphur  dioxide  as  a  refriger- 

The  gas  was  further  cooled  by  suddenly  releasing  the  pree- 
and  allowing  it  to  expand.  In  addition  to  oxj'gen  he  also 
£ed  air,  nitrogen  and  possibly  hydrogen.  Shortly  afterward 
183,  the  Polish  scientists,  Wroblewski  and  Olszewski,  t  pub- 


'  Lieb.  Ann.,  30,  122  (1S39). 
t  Phil.  Traiw..  135,  155  (1S«). 
i  Compt.  rend..  85,  t217  (1877). 
{  Ibid.,  85,  1214,  1220  {1877). 
t  Wied.  Ann.,  30,  243  (1883). 
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lished  an  account  of  their  interesting  and  highly  importani 
In  their  experiments  they  subjected  the  gas  to  f)e  Uque£ed  ' 
pressure,  and  simultaneously  cooled  it  to  a  ver>'  low  tempe 
Among  the  refrigerants  used  by  them  was  liquid  ethylene 
was  allowed  to  boil  off  under  diminished  pressure,  giving  a  t 
aturc  of  —  130°  C,  At  this  temiwrature,  a  pressure  o 
20  atmospheres  was  sufficient  to  condense  oxygen  to  the 
state.  Having  liquefied  oxygen,  nitrc^en,  air  and  carlwi 
oxide,  and  having  detennined  the  boiling-points  of  thes* 
under  atmospheric  pressure,  tliey  proceeded  to  use  these  lii 
gases  as  refrigerants,  allowing  them  to  boil  off  under  dim 
pressure,  thus  obtaining  temperatures  as  low  as  —  200° 
very  small  amount  of  liquid  hydrogen  was  obtained  in  thi 
Subsequent  attempts  by  these  same  experimenters  to 
hydrt^en,  wliile  not  much  more  successful  than  their  ' 
attempts,  enabled  them  to  determine  its  boiling-point,  i 
after  the  publication  of  the  first  papers  of  Wroblewsl 
Olszewski,  Dewar  *  devised  a  new  form  of  apparatus  for 
fying  air,  oxygen  and  nitrogen  on  a  comparatively  large 
He  also  introduced  the  well-known  vacuum -jacketed  Bas 
tulwjs  which  greatly  facilitated  carrying  out  experiment 
lique6ed  gases.  In  1895,  Linde  in  Germany  and  Hamp 
England  simultaneously  and  independently  constructed  mi 
for  the  liquefaction  of  air  in  large  quantities. 

In  the  method  devised  by  these  experimenters  the  aiij 
subjected  to  a  preUminary  cooling,  produced  by  the  rapid  c% 
tion  of  a  liquefied  gas  under  diminished  pressure,  as  in  tiie  m 
of  Wroblewski  and  Olszewski.  In  the  Linde  liquefier,  th( 
compressed  to  about  200  atmospheres.  It  is  then  passed  t 
a  chaml)er  containing  anliydrous  calcium  chloride  to  reint 
greater  part  of  the  moisture,  after  which  it  is  cooleil  by  alio 
to  circulate  through  a  coiled  pipe  immersed  in  a  freezing  m 
Nearly  all  of  the  moisture  remaining  in  the  air  is  dep()sited 
walls  of  the  pipe  in  the  form  of  frost.  The  air  then  enters 
spiral  tube  jacketed  Tiith  a  non-conducting  material,  and  i 
allowed   to  expand    to    a    pressure    of    at>out    15   atmoe 

•  Proc.  Roy,  Inst.,  1880,  540. 
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tis  expansion 

When  the  air  has  traversed  the  spiral  tube,  it  is  still 

ler  cooled  by  aliening  it  to  expand  to  u  pressure  equal  to  that 

of  the  atmosphere.    The  air  which  has  been  thus  cooled  is  then 

pwaed  backward  through  the  annular  space  between  the  spiral  tube 

•ad  a  concentric  jacket,  thus  cooling  the  entering  portion  of  air. 

Consequently  this  next  portion  of  air  expands  from  a  lower  initial 

tonperalure,  and  the  cooling  effect  is  increased.     In  like  manner, 

when  this  cooler  air  passes  backward  it  cools  still  fiu*thcr  the  next 

succeeding  portion,  and  eventually  the  temperature  is  reduced 

mfficiently  to  cause  a  small  amount  of  the  air  to  liquefy  as  it 

isBues  from  the  end  of  the  spiral  tube.    The  remaining  portion  of 

the  air  which  has  not  been  liquefied,  passes  backward  through  the 

annular  tube  and  cools  the  following  portion  to  a  still  greater 

rxtent.  causing  a  larger  proportion  to  liquefy  on  expansion.     With 

»34ior9ei»wer  machine,  a  continuous  supply  of  0,9  liter  pt^rhour 

MD  be  obtained.     Further  improvements  in  this  apparatus  have 

bren  made  by  Dewar  and  Hampson,  and  by  means  of  it  Dewar'a 

brilliant  successes  in  the  liquefaction  of  giuses  have  I>een  achieved. 

The  most  efBcient  apparatus  for  the  liquefaction  of  air  and  other 

gases  is  that  developed  by  Claude.*    Tlie  essential  features  of 

his  liquefier  are  shown  in  Fig.  26.     The  air  is  first  compressed  to 

40  atmoBpheres  pressure  by  means  of  an  ordin.ary  compression 

pump  not  shown  in  the  diagram,  the  moi.sture  and  carbon  dioxide 

being  removed  as  in  Linde's  method.     It  then  ent^ers  the  tube  A, 

»hich  in  reality  is  of  a  spiral  form,  and  divides  at  B.     A  portion 

Biters  the  cylinder  D  through  a  valve  chest  similar  to  that  in  a 

Kaun    engine  forces  out  the  piston  and  causes  the  wheel,  W, 

to  revolve,  thereby  doing  work  imd  cooling  the  air.     The  cooled 

air  escapes  from  the  valve  chest  and  circulates  through  the  lique- 

^iag  chamber  L,  where  it  causes  the  portion  of  compressed  air 

oicring  at  B  to  liquefy.     It  then  issues  from  the  liquefier  and 

tnverses  M,  cooling  the  entering  portion  of  air  in  ^4,  and  finally 

Munw  to  the  compressor.    The  pressure  of  the  air  when  it  issues 

from  D  i.s  ahnost  atmospheric,  and  its  temperature   is   below 

- 140°  C.     About  twenty-five  per  cent  of  the  power  consumed 

•  Compt.  reud.,  U.  500  (1900);  1,  1508  (1902);  U,  702,  823,  (190fi). 


helium  which  was  liquefied  iu  1908,  by  Kammcrlingh  Onnes  in  Uw 
Lcydcn  cryogenic  Uiboratorj'.  The  subjoined  table  gives  the 
critical  data  together  with  the  boiling  and  freezing  temperatures 
of  aome  of  the  mure  common  gases. 

CRITICAL  DATA  FOR  OASES. 


Om. 


Helium 

llydroRen 

Air 

Nitrogen 

Oxygen 

Carbun  nioaoxide 

Nitric  oxide 

Carbon  dluxide 

Hydrochloric  acid , . . . 
Ammonia 


Crit.  Tunp. 


-287" 
-242* 
-140* 

-146° 

-IIS" 
-141  ■* 
-  96"* 
-h  31" 

+  61" 
-f-130" 


Grit.  Fran. 

(AtmtM.) 


39 
35 

50.8 
36 
64 
73 
81.6 
116 


BoUiiii  FtaJBt 
(■t  TWmm.). 


-252*.5 

-191" 

-lys^.s 

-IS2".8 
-190" 
-153". 6 

-  78" 

-  35" 

-  33».7 


Frauiic 
Poiat. 


-258*.9 

-2i6"!5 

-227" 
-207" 
-I67» 
-«• 

-116' 

-  77" 
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Vapor  Pressure  of  Liquids.  Aceording  to  the  kinetic  theory 
ere  is  a  continuoiLs  flight,  of  partirlcs  of  vapor  from  the  surface 
a  liquid  into  tlie  free  space  above  it.  At  the  saiue  time  the 
erse  process  of  condensation  of  vapor  particles  at  the  surface 
if  the  lifjuid  is  taking  place.  Eventually  a  condition  of  equilib- 
rium will  be  established  l^etween  the  liquid  and  its  vapor,  when 
the  rate  of  escape  will  be  exactly  counterbalanced  by  the  rate  of 
*<mden.«iation  of  vapor  particles.  The  pressure  exerted  by  the 
vapor  of  a  liquid  when  equilibrimn  has  l>cen  attained  is  known  as 
its  mpor  pressure.  The  equilibrium  between  a  liquid  and  its  vapor 
is  dependent  upon  the  temperature.  For  every  temperature 
below  the  critical  temperature,  there  is  a  certam  pressure  at  which 
vapor  and  liquid  m.iy  exist  in  equilibrium  in  all  proportions;  and 
conversely  for  ever>'  pressure  below  the  critical  pressure,  there  is 
a  certain  temperatiire  at  which  vapor  and  liquid  may  exist  in 
equilibrium  in  all  proportions.  This  latter  temperature  is  termed 
the  boiiing-point  of  the  lifiuid.  The  vapor  pressure  of  a  liquid 
may  be  measured  directly  by  placing  a  portion  of  it  above  the 
mercurj'  in  the  vacuum  of  a  barometer  tube,  heating  to  the  desired 
temperature,  and  observing  the  depression  of  the  inercurj'  column. 
This  is  known  as  the  static  meihttfi.  It  is  open  to  the  objection 
that  the  presence  of  volatile  impurities  in  the  liquid  causes  too 
great  depression  of  the  mercury'  column,  the  vapor  pressure  of 
the  impurity  adding  itficlf  to  that  of  the  liquid  whose  vapor 
pressure  is  sought.  A  better  method  for  the  measurement  of 
vapor  pressure  is  that  known  as  the  dynamic  method.  In  this 
method  the  pressure  is  maintained  constant  and  the  boiling 
temperature  is  determined  with  an  accurate  thermometer.  The 
boiling  temperatures  correspondinK  to  various  pressures  may  be 
measured,  provided  we  have  a  suitable  device  for  changing  and 
measuring  the  pressure.  The  results  obtained  by  the  static  and 
d}-namic  methods  agree  closely  if  the  liquid  is  pure,  but  if  volatile 
impurities  arc  present  the  results  obtained  by  the  dynamic  method 
are  more  trustworthy.  A  method  for  the  measurement  of  vapor 
pressure  due  to  James  Walker  *  is  of  considerable  interest.  In 
this  method,  a  current  of  pure  dry  air  is  bubbled  through  a  weighed 
*  Zctt.  phys.  Cbem.,  2,  602  (1888). 
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amount  of  the  liquid  whose  vajwr  pressure  is  to  be  determined^ 
The  liquid  is  maintaiued  at  cunslant  temperature  and  its  loss  in 
wejg}it  is  observed.  In  passinji;  thruiigh  the  liquid  the  air  va\m 
absorb  an  amount  of  vapor  direetiy  proportional  to  the  vaport 
pressure  of  the  liquid.  If  1  mol  of  liquid  is  absorbed  by  v  litcres 
of  air,  then  we  have 

pv  =  HT, 
where  p  is  the  vapor  pressure  of  the  hquid,  and  T  iU  temperature-  l 
If  Vi  is  the  volume  of  air  which  absorbs  g  grams  of  the  vapor  or, 
the  liquid  whose  moleeular  weight  is  M,  then 


'^      Mvi 

In  this  equation,  Vi  denotes  the  total  volume  containing  g 
of  the  liquid  in  the  form  of  vapor,  or  in  other  words  it  represci 
the  air  and  vapor  together.  Since  the  volume  of  the  air  is  in 
general  so  much  greater  than  that  of  the  vapor,  i;*!  may  be  taken 
as  that  of  the  air  alone. 

Heat  of  Vaporization.  In  order  to  transform  a  liquid  into  a 
vapor  a  large  amoxmt  of  heat  is  required.  Thus,  when  a  liquid 
is  heated  to  the  boiling-point,  the  volume  nmst  be  incrojised  against 
the  pressure  of  the  atmosphere,  external  work  bi-ing  done,  and 
when  the  boiling  temperature  is  reached  the  U(juid  must  l>e  vapor- 
ized; the  heat  expendeil  in  causing  the  change'  of  physical  state 
being  much  great-er  than  that  requireti  to  expand  the  liquid.  An 
interesting  relation  l>etween  the  heat  of  vaporization  and  the 
absolute  boiling-point  of  a  liquid  wms  diseovered  by  Trouton.* 
If  T  denotes  the  absolute  bniling-ptiiiit  and  w  the  hejit  of  vapor- 
ization of  1  gram  of  liquid  whose  molecular  weight  is  M,  then 
according  to  Trouton 


=  21, 


or  in  words,  the  ratio  of  the  molecular  heat  of  vaporization  to 
absolute  boiling  t«mperature  of  a  liquid  is  constant,  the  numerical 

*  Phil.  Mag.  (5),  i8,  M  (1884). 
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viluf  of  iho  ratio  l>etng  approximately  21.  This  is  known  as 
Troulon'a  Ijiw.  WTiiIp  this  relation  holds  quite  well  for  many 
liquids,  Xemst  has  p<nnted  out  that  the  constant  varies  with  the 
temperature,  and  has  proposed  two  other  ff>rms  of  the  equation. 
Bmfiliani  has  simplified  the  equations  of  Nemst  to  the  following 
foRti :  — 

^  =  17+0.0117. 

Uliile  this  modification  of  the  Trouton  equation  has  been  found 
to  hold  for  a  larjjie  niim>>er  of  substAnc*^,  there  are  other  subslances 
for  which  the  left  side  of  the  equation  has  a  value  greater  than 
tint  of  the  right  side.  Bingham  infers  that  where  this  occurs,  the 
substance  in  the  liquid  state  hai-  a  greater  molecular  weight 
than  it  has  in  the  gaseous  state,  or  in  other  words,  the  liquid  is 
asMXsated.  It  is  evident  that  an  associated  liquid  will  require 
CTpenditure  of  energy  over  and  above  that  required  for  vapori- 
iion,  to  break  down  the  molecular  complex.  The  difference 
between  the  values  of  the  two  sides  of  the  equation  may  be 
taken  as  a  rough  measure  of  the  degree  of  association. 

Boiling-Point  and  Critical  Temperature.  .\n  interesting  rela- 
tion has  been  pointed  out  by  Guldlx^rg  *  and  Guye.t  These 
two  investigators  have  shown  that  the  absolute  boiling  temper- 
ature of  a  liquid  is  about  two-thirds  of  its  critical  temperature. 
That  this  empirical  relation  holds  for  a  variety  of  different  sub- 
stancee  is  shown  in  the  accompanying  table. 
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4Bi 


EELATION  OF  BOILING-POINT  TO  CRITICAL  TEMPERATURE. 


HubalMtv*. 


^•Rcn 

Chlorine 

Siilphur  dioxMle. 
eth>^l  ether.  .. 
Ethyl  alcohol . . . 
Benxene ........ 

Water. 

Phenol 


n 

r. 

90' 

165" 

240' 

414" 

263= 

420"     ' 

308" 

467" 

35r 

.516" 

353° 

562" 

373" 

637" 

454" 

6or 

TUT, 


Q.5B 
0.68 
0.61 
G.66 
0.68 
0.63 
0.50 
0  66 


•  Zeit.  phys.  ehem..  j,  376  (ISflO). 
t  Bull  Soc,  Chim.,  (3),  4,  262  C1890). 


THEORKTICAL  CHEMISTRY 


Molecular  Volume.  In  dealing  with  the  volume  relatiotis  of 
liquids  it  ifl  customary  to  eniplfiy  t\n^  motecuiar  volume,  i.e.,  the 
volume  occupied  by  the  niolet-ulur  weight  of  the  liquid  in  grains. 
The  justification  of  this  procedure  is  that  when  we  compare  the 
gram-molecular  weights  of  liquids,  llie  comparison  involves  equaJ 
numbers  of  molecules  of  the  different  substances.    Since 


,  ma^ 

volume  =  J — rr-  f 
density 


we  may  write 


,      ,  ,  molecular  weight 

molecular  volume  = .        — - — » 

density 


and  similarly, 


,      .        ,  atomic  weight 

atomic  volume  =  3 r— -^ — 

density 


Relations  between  the  molecular  volumes  of  liquids  were  first 
pointed  out  by  Kopp.*  On  comparing  the  molecular  volumes  of 
different  liquids  at  their  boiling-points,  he  found  that  constant 
differences  in  compopition  corresiwnd  to  constant  differences  in 
the  molecular  volumes.  Thus  the  molecular  volumes  of  the 
successive  members  of  an  homologous  series  differ  by  the  same 
number  of  units,  this  difference  corresponding,  for  example,  to  a 
CHi  group.  In  like  maimer  the  molecular  volumes  of  various 
groujjs  have  been  determine!,  and  from  these  in  turn  the  atomic 
volumes  of  the  constituent  elements  have  been  wurkwl  out.  The 
atomic  volumes  assigned  by  Kopp  to  some  of  the  elements  com- 
monly entering  into  organic  compounds  are  as  follows:  — 

C  =  n         CI  =  22.8  I  =  37.6      Hydroxyl  O  =  7.8 

H  =  5.5       Br  =  27.8  S  -  22.6      Carbonyl  0  =  12. 

The  value  of  the  atomic  volume  is  found  to  be  dependent  u 
the  manner  of  linkage;  thus  oxygen  in  the  hydroxyl  group  has  the 
atomic  volume,  7.8»  while  oxygen  in  the  doubly  linked  condi- 
tion, as  in  the  carbonyl  group,  has  the  atomic  volume,  12.2.  By 
mean-s   of  such  a  table   of  experimentally   determined   atomic 

*  Lieb.  Azui.,4i,79(1842);  96.  1^3,  303  (1855);  96,171(1856). 
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vohimes,  Kopp  showed  that  it  is  possible  to  calculate  the  molec- 
uhr  volume  of  a  liquid  with  a  fair  degree  uf  accuracy.  For 
tumple,  the  molecular  volume  of  acetic  acid  C^sHiOs,  may  be 
caJoulated  from  the  atomic  volumes  of  its  couatituent  atoms  aa 
follow:  — 

2C  -2X  11  =      22 

4H  =  4  X5.5  =  22 
1  Hydrox>l  O  =  1  X  7.8  =  7.8 
1  Carbonyl  O  =  1  X  12.2  =  12  2 
Molecular  volume  =  64.0 
Tlie  density  of  acetic  acid  at  its  boiling-point  Is  0.942,  and  its 
molecular  weight  is  60,  therefore  the  observed  value  of  the  molec- 
ular volume  is  60  -r  0.942  =  63.7,  a  result  which  is  in  excellent 
agreement  with  that  calculated  from  the  atomic  volumes  of  the 
constituents.  The  more  recent  investigations  of  Thorpe,  Lessen, 
Schiff  and  Buff  afford  a  confirmation  of  the  conclusion  reached  by 
Kopp,  that  the  molecidar  volumes  of  liquids  are  in  general  additive. 
While  Kopp  found  that  his  results  were  most  regular  when  the 
molecular  volumes  were  detennincd  at  the  boiling  temperatures 
of  the  respective  liquids,  the  reason  for  this  did  not  appear  until 
after  van  der  Waals  had  developed  his  theory  of  correspondii^ 
states.  As  has  been  pointed  out  in  the  preceding  paragraph  the 
boiling-points  of  most  liquids  are  approximately  two-thirds  of 
their  respective  critical  temperatures,  and  therefore  the  boiling- 
points  are  corresponding  temperatures. 

Co-volume.  By  studj'ing  various  series  of  hydrocarbons, 
alcohols  and  ethers,  Traube  *  has  been  led  to  surest  that  the 
molecular  volume  of  a  liquid  be  looked  upon  as  made  up  of  the 
atomic  volumes  of  its  constituent  elements  and  a  magnitude 
which  he  terms  the  c^Mfolume.  This  latter  he  defines  as  the  space 
surrounding  a  molecule  within  which  it  is  free  to  vibrate  and  from 
which  other  molecules  are  excluded.  The  co-volume  appears  to 
be  nearly  constant  for  a  large  number  of  substances,  its  mean 
value  at  a  temperature  of   15°  C.   being  25.9  cc.    The  values 

*  Uber  den  tUum  der  Atome.  J.  Traube.  Ahrecui'  Soounlimg  Cbeuuacher 
und  cbemisch-tccbaiacher  Vortmcge,  4,  255  (1899). 


THEX^RETICAL  CHEMISTRY 


asRignofl  by  Tmiibe  to  ilip  atomic  volumes  of  some  of  the  elements 
are  as  follows :  — 

C  =  9  9     0=    5.5       Br  =  17.7     N  (trivalent)      =    1.5 
H  =  3.1     CI  =  13.2  1=  21.4     N  (pentavalent)  =  10  7 

Traulje  hits  workfd  out  a  scries  of  constantjj  which  must  1«  de- 
(iofted  to  allow  for  ring  formation  ami  for  double  and  treble  Unk- 
ing. By  means  of  these  values,  it  is  ixjssihie  to  calculate  the 
molecular  volume  of  a  aubstanre  by  adding  together  the  respective 
atomic  volumes  of  the  constituents  of  the  Uquiil  and  the  co- 
volume,  25.9.  It  is  of  course  necessjirj'  to  know  the  molecular 
weight  of  the  substance  together  with  its  constitution,  so  that 
due  allowance  may  be  made  for  unsaturatiou.  For  example, 
the  molecular  volume  of  ethyl  other,  CiHujO,  may  be  calculated 
by  Traube's  method  as  follows:  — 


4C  = 

4  X  9.9  -  39.6 

10  H  = 

10  X  3.1  *  31 

10  = 

1  X5.5  -=    5.5 

76.1 

Co-volume    25.9 

Molecular  volume  102.0 

The  molecular  volume,  as  determined  from  the  molecular  weight 
and  density  at  15°  C.  is  74  -f-  0.7201  =  102.7. 

The  method  of  Traube  may  be  employed  in  roughlj'  checking 
the  accepted  value  of  the  molecular  weight  of  a  liquid  pro\'ided 
its  density  at  15°  C.  is  known,  since  in  the  equation 

M/d  =  ^  atomic  volumes  +  25.9,  expressing  Traube's  relation,  " 

^f  is  the  only  unknown  quantity.  It  is  apparent  that  the  liquid 
must  be  non-associated,  since  for  an  associated  substance  the 
normal  co-volume  must  necessarily  accompany  the  polj-merized 
molecule.     In  this  case  the  formula  becomes 

M/d  -  S  atomic  volumes  +  25.9/n, 

where  n  denotes  the  number  of  simple  molecules  in  the  polymer. 
ObviouiJly  when  the  molecular  weight  of  a  liquid  is  known,  the 
experimental  determination  of  the  co-volurne,  {M/d  —  S  atomic 
vols.)  may  be  used  to  estimate  the  degree  of  association.    The 


IiIQUII3e 


vilues  thus  obtained  arc  not  in  Bntisfactory  agreement  with  the 
factors  of  association  dorivod  by  meanj^  of  other  methods. 

Refractive  Power  of  Liquids.     The  velocity  of  tranw mission 
o(  light  through  any  medium  depends  upon  its  nature,  especially  j 


Fig.  27. 

upon  its  density.  When  a  ray  of  light  passes  from  one  medium 
into  another  it  is  refracted,  the  degree  of  refraction  being  such 
that  the  ratiw  of  the  sinea  of  the  angles  of  incidence  and  refrac- 
tion is  constant  and   characteristic  for  the  two  media.    This 
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fundamental  law  of  refraction  was  discovered  by  Snell  about 
1621.  According  to  the  wave  theory  of  light,  the  ratio  of  the 
sines  of  the  angles  of  incidence  and  refraction  is  identical  witli 
the  ratio  of  the  velocities  of  light  in  the  two  medio.  The  ratio  is 
termed  the  index  of  refrndion  and  is  a-sually  denoted  by  the  letter 
n.  Representing  by  t  and  r,  the  angles  of  incidence  and  refraction, 
and  by  vi  and  i^,  the  respective  velocities  of  light  in  the  two  media, 
we  have 

sin  i      tf|  * 


n  = 


smr 


f, 


Various  forms  of  apparatus  fiave  been  devisKl  for  the  determina- 
tion of  thn  refractive  index  of  liquids.  Of  these  the  best  known 
and  most  satisfactory  is  the  refractometer  of  Pulfrich,  an  improved 
form  of  which  is  shown  in  Fig.  27.  Wliile  the  limits  of  this  book 
prohibit  a  detailed  deseription  of  the  apparatus,  the  fundamental 
principles  involved  in  its  construction  will  be  readily  understood 
from  the  accompanying  diagram,  Fig.  28.  The  liquid  or  fused 
solid  is  placed  in  a  small  ghiss  cell,  C,  which  is  cemented  to  a  rec- 
tangular prism  of  dense  optical 
gl,'L<xS,  P,  the  refractive  index  of 
which  is  generally  1.61.  A  beam 
of  monochromatic  light,  from  a 
sodium  Hame  or  a  spectrum-tube 
containing  hydrogen,  u*  allowed  to 
enter  the  prism  in  a  direction  par- 
allel to  the  horizontal  surface  of 
separation  betwt^en  the  glass  and 
the  liquid.  After  passing  through 
the  liquid  and  the  prism,  the  beam  emerges  making  an  angle  i  with 
its  ori^nal  direction.  By  means  of  a  telescope,  the  emergent  beam 
can  be  obaer\'ed  and  its  position  noted,  the  angle  of  emergence 
being  read  on  a  divided  circle  attached  to  the  telescope.  From  the 
angle  of  emergence  thus  determined,  the  index  of  refraction  of  the 
liquid  can  be  calculated  in  the  following  manner.  The  value  of 
the  index  of  refraction,  N,  for  aify'glass  being  known,  we  have 


Fig.  28. 


N 


smi 
sinr 


(11 
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The  Eingle  of  incidence  of  the  last  ray  entering  the  prism  from  the 
Uquid  is  90°,  or  sin  ii  =  1.  The  index  of  refraction,  ni,  for  liquid/ 
glass  may  be  calculated  thus, 

„.  =  «£ii  =  JL.  (2) 

smri      smri 
But 


sin  n  —  cos  r  —  V 1  —  8in*r.  (3) 

Transposing  equation  (1)  and  substituting  in  equation  (3),  we 
have 


8mr,  =  yi  --jyT' 
or 

sin  n  =  -jr^  VN*  —  sin*i.  (4) 

Therefore,  substituting  equation  (4)  in  equation  (2),  we  have 

N 

Remembering  that  n  -  N/rii,  we  have  for  the  index  of  refraction, 
n,  for  ur/liquid,  by  substitution  in  equation  (5), 

n  =  VN*  —  sin'  i, 
or  if  iST  =  1.61, 


n  «  V2.5921  -  sin'  i. 


The  values  of  ViV  —  sin'iaregenerallygiven,  for  different  values 
of  i,  in  tables  supplied  with  the  refractometer,  thus  saving  the 
experimenter  a  somewhat  laborious  calculation.  The  value  of  n 
thus  obtained  is  the  index  of  refraction  from  air  into  the  liquid;  if 
the  index  from  vacuum  into  the  liquid,  the  so-called  absolute  index, 
is  required,  the  value  of  n  must  be  multiplied  by  1.00029.  The 
index  of  refraction  is  dependent  upon  temperature,  pressure  and 
in  general  upon  all  conditions  which  affect  the  density  of  the 
medium.  Furthermore,  it  is  dependent  upon  the  wave-length  of 
the  light  employed,  the  index  for  the  red  rays  being  greater  than 
that  for  the  violet  rays.    It  is  therefore  neceaaaxv  ^  isi&^ux^ 
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measurements  of  refractive  indices  to  use  light  of  a  definite  wave- 
length, or  what  is  tenntKl  tnonochwiruitic  light.  The  sodiuni 
flame  is  most  frequently  used  for  this  purpose,  the  wave-length 
beii^  represented  hy  the  letter  D,  Measurements  of  the  refrac- 
tive index  rcfcrrt^d  to  the  yj-liue  of  sodiuin  are  commonly  detug- 
oated  by  the  symlwl  no-  Wtien  incandescent  hydrogen  is  employed 
as  a  source  of  light,  llie  refrnctive  index  may  be  <letermined 
for  the  C;  F-  and  C-lines,  the  respective  values  being  represented 
by  nc,  np,  and  t\o- 

Specific  and  Molecular  Refraction.  Various  attempts  liave 
been  innde  to  express  Llje  refractive  power  of  a  liquid  by  a  formula 
which  is  independent  of  variations  of  temperature  and  pressure. 
Of  the  diiTeri'Ut  formulas  proposed  but  two  need  I>e  mentiiined. 
The  first,  due  to  Gladstone  and  Dale,*  is  as  follows:  — 

n  —  1  ' 

in  which  rf  denotes  the  density  of  the  liquid  and  rj  is  the  s<M;aUed 
specific  rejTaction.  The  other  formula,  proposed  by  Lorenz  t  and 
Lorentz,t  has  the  foHowing  form:  — 

This  foruiuk  is  superior  to  that  of  Gladstone  and  Dale  which  is 
purely  empirical.  It  is  based  upon  the  electromagnetic  theory 
of  light  and  gives  values  of  ri  which  are  quite  independent  of  the 
temperature.  In  order  that  we  may  compare  the  refractive 
powers  of  different  liquids,  the  specific  refractions  are  multiplied 
t>y  their  respective  molecular  weights,  the  resulting  products 
being  tenned  their  molecular  refractions.  As  the  result  of  a  targe 
number  of  experiments,  it  has  been  shown  that  the  molecular 
refraction  of  a  compound  is  made  up  of  the  sum  of  the  refractive 
constants  of  the  constituent  atoms,  or  in  other  words  refractive 
power  is  an  additive  property.  The  values  of  the  refractive  con- 
k        stants  of  the  elements  and  commonlv-occurring  groups  have  been 


•  Phil.  Trajis.  (1858). 

t  Wicd.  Ann.,  ii,  70  (1880). 

t  Ibid.,  9>  fill  C1880). 
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detennined  with  great  care  by  Briihl  and  others,  the  method 
employed  being  similar  to  that  used  by  Kopp  in  connection  with 
his  investigations  on  molecular  volumes.  Thus,  Briihl  found  in 
the  homologous  series  of  aliphatic  compounds  that  a  difference 
of  CHi  in  composition  corresponds  to  a  constant  difference  of 
4.57  in  molecular  refraction.  Then,  having  determined  the 
molecular  refraction  of  a  ketone  or  an  aldehyde  of  the  composition, 
C»HfciO,  he  subtracted  n  times  the  value  of  CHj  and  obtained  the 
atomic  refraction  of  carbonyl  oxygen.  By  deducting  the  molecular 
refraction  of  the  hydrocarbon,  CnHu+i,  from  that  of  the  corre- 
sponding alcohol,  CJItn+20t  he  obtained  the  atomic  refraction  of 
hydroxy!  oxygen.  By  subtracting  six  times  the  value  of  CHj 
from  the  molecular  refraction  of  hexane,  CoHu,  he  obtained  tbe 
refractive  constant  for  hydrogen  or  2  H  —  2.08.  In  like  manner 
the  refractions  of  other  elements  and  groups  of  elements  were 
detennined. 

Just  as  in  the  case  of  molecular  volumes  so  with  molecular 
refractions,  the  arrangement  of  the  atoms  in  the  molecule  must 
be  taken  into  consideration.  BrQhl,"'  who  has  devoted  much  time 
to  the  investigation  of  the  effect  of  constitution  upon  refraction, 
has  pointed  out  that  the  molecular  refraction  of  compounds  con- 
taining double  and  triple  bonds  is  greater  than  the  calculated  value, 
and  he  has  assigned  to  these  bonds  definite  constants  of  refrac- 
tion. The  values  of  the  atomic  refractions  for  a  few  of  the  elements 
as  given  by  BrOhl  are  as  follows:  — 

C=    2.48  HydroxylO    =1.58 

H  =    1.04  Carbonyl  O    =  2.34 

CI  «    6.02  Double  bond  =  1.78 

I  «  13.99  Triple  bond    «  2. 18 

More  recent  investigations  bring  out  the  fact  that,  when  double 
or  triple  bonds  occupy  adjacent  positions  in  the  molecule,  the 
simple  additive  relations  no  longer  obtain.  The  determination 
of  the  molecular  refraction  of  a  liquid  affords  a  means  of  ascertain- 
ing or  confirming  its  chemical  constitution.  For  example,  geraniol 
has  the  fonnula  CioHisO,  and  its  chemical  behavior  is  such  as  to 

•  Proo.  Roy.  Inst.,  i8,  122  (1906). 
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warrant  the  conclusion  Lhiit  it  is  a  primary  alcohol.  The  value 
of  no  is  1.474.'),  from  which  the  molecular  refraction  is  calcu- 
lated to  be  48.71.  The  molecular  refraction  calculated  from  the 
atomic  refractions  given  in  the  preceding  t^ble  is:  — 

IOC  -  10X2.48  =  24  80 

18H  =  18X  1.04  =  18  72 

1  Hydroxyl  O  =    1  X  158  =    1.58 

Molecular  refraction  45  10 

The  difference  1:>etween  the  theoretical  and  experimental  values 
of  the  molecular  refraction  is  48.71  —  45.10  =  3.61,  which  is 
approximately  twice  the  value  of  a  double  bond,  1.78  X  2  =  3.66. 
From  this  we  conclude  that  the  molecule  of  gcnmiol  contains  two 
double  bonds,  Kurthennore  an  alcohol  4>f  the  fftnnula,  CioHisO, 
containing  two  double  bonds  cannot  possess  a  ring  structure  and 
therefore  must  be  a  member  of  the  aliphatic  group  of  compounds. 
This  conclu.sion  is  supported  by  the  chemicjil  properties  of  the 
substance.*  In  a  similar  manner  the  Kekul^  formula  for  benzene 
has  been  confinned,  the  difference  between  the  theoretical  and 
experimental  values  of  the  molecular  refraction  indicating  the 
presence  of  three  double  bonds  in  the  molecule. 

Specific  Refraction  of  Mixtures.  The  specific  refraction  of  an 
homogeneous  mixture  or  solution  is  the  mean  of  the  specific 
refractions  of  its  constituents,  Thus,  if  the  specifie  refractions 
of  the  mixture  and  its  two  components  are  represented  by  rj,  rj, 
and  fa,  then 

'^-Too''"^      100     '^'^ 

where  p  denotes  the  percentage  of  the  constituent  wliose  specifie 
refraction  is  rj.  Hence  it  is  possible  to  deteniiine  the  sijecifio 
refraction  of  a  substance  in  solution  by  measuring  the  refractive 
indices  and  (len.sities  of  the  solution  and  solvent.  If  the  refrac- 
tive indices  of  the  solvent,  solution  and  dissolved  substance  are 

*  Hie  aocepleti  structural  fonnula  of  gcruniul  is 


(CHi)iC 


H  -  C  -  CHiOH 
t 
.  CHCHrCH,  -  C  -  CH, 


represented  by  ni,  n^,  and  »)  respectively,  and  if  di,  <k,  and  dj 
denote  the  corresponding  densities:,  then  we  have 

1   "*'  -  '       100  wa'  -  1       too  -  p  wi»-l 
d,*n,»  +  2"'d,p  'n,"  +  2  d,p     'n,»  +  2' 

when  p  is  the  percentage  of  the  dissolved  suhstance.  As  has 
already  been  mentioned,  the  fonnula  of  I^orcnz-Lorentz  is  based 
upoo  the  eleutroniagnetic  thiHjry  of  ligiit.  According  to  this 
theory  n*  —  l/n'  +  2  expreswis  the  fractiun  of  the  unit  of  volume 
of  the  substance  which  is  actually  occupied  by  il.     From  this  it 

M  n*  -  1 
follows  that  the  molecular  refraction,  -^'  -j—-:t,  is  an  expression 

of  the  volume  actually  occupied  by  the  atomic  nuclei  of  the 
molecule.  Tt  is  interesting  to  note  that  the  ratio  of  the  sum  of 
the  atomic  volumes,  calculated  by  the  method  of  l>aubc.  to  the 
corrected  molecular  volume,  as  determined  by  the  LorcnK-Lorentz 
formula,  is  approximately  constant,  or 

2  atomic  volumes      „  ._  .      ,  , 

—  -^- — J  _  =3.45  approximately. 

"d  ■^»T2 

This  may  be  considered  as  the  ratio  of  the  volume  within  which 
the  atoms  execute  their  vilirations  to  tlioir  actual  material  volume. 
Rotation  of  the  Plane  of  Polarized  Light.  Some  liquids  when 
placed  in  the  path  of  a  beam  of  polarized  light  possess  the  prop- 
erty of  rotating  the  plane  of  polarization  to  the  right  or  to  the 
left  Such  Uquids  are  said  to  be  optically  aclive.  Those  substances 
which  rotate  the  plane  of  polarization  to  the  right  arc  termed 
dextriM'okUory,  while  those  whic^h  cause  an  opposite  rotation  are 
called  Uvo-rotaiory.  The  determination  of  the  rotatory  power  of 
ft  liquid  is  made  by  means  of  an  instrument  known  as  a  polarimeter, 
a  convenient  form  of  which  is  sho\^^l  in  Fig.  29.  The  essential 
parts  of  this  instrument  are  two  similar  Nicol  prisms  placed  one 
behind  the  other  with  their  axes  in  the  same  straight  line.  The 
fight  after  passing  through  the  forward  prism,  P,  known  as  the 
polarizer,  has  its  vibrations  reduced  to  a  single  plane;  it  is  said 
to  be  plane  polarized.    On  entering  the  rear  Nicol  prism,  A, 
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known  as  the  an(Uyzer,  the  light  will  either  pass  through  or  be 
completely  stopped,  <lnprnding  upon  the  position  of  the  prism. 
If  the  analyzer  be  slowly  rotated,  it  will  he  observed  that 
the  positioas  of  maximum  transmission  and  extinction  occur  at 
points  90*^  apart.  If  tlie  analyzer  be  rotated,  so  that  its  axis  13 
at  right  angles  to  the  axis  of  the  polarizer,  the  field  observed  will 
be  dark,  no  light  being  transmitted.  If  now  a  tube  similar  to 
that  shown  in  Fig.  30  l>e  filled  with  an  optically  active  liquid 
imd  placed  between  the  polarizer  and  analyzer,   the  field  will 


Fig.  29. 


become  light  again,  due  to  the  rotation  of  the  plane  of  polariza- 
tion by  the  optically -active  substance.  The  extent  to  which  the 
plane  of  polarization  has  l>een  rotated  can  be  determined  by 
turning  the  analyzer  until  the  field  becomes  dark  again^  and  read- 
ing on  the  divided  circle,  K,  the  number  of  degrees  through  which 
it  has  been  moved.  When  it  is  necessary  to  turn  the  analyser 
to  the  right,  the  substance  is  dextro-rotatory,  and  when  it  is  neces- 
sary to  turn  it  to  the  left,  the  substance  is  levo-rotatory.    VariouB 
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by 


optical  accessories  have  been  ml<le<I  to  the  simple  polariraeter 
described  above  to  render  the  instrurneiit  more  seiiHitive,  but  for 
these  details  the  student  must  consult  some  apecial  treatise.* 
The  angle  of  rotation  is  dep(>ndent  u{H)n  the  nature  of  the  liquid, 
the  length  of  the  column  of  wubstaiu'e  through  which  the  liglit 
pacocg,  the  wave-length  of  the  liglit  used,  and  the  temperature  at 
which  the  measurement  is  made.     It  is  customary  in  potarimetric 


w 


Fig.  30 


work  to  employ  sodium  light  and,  unless  otherwise  specified,  it 
may  l>r  assutiKHi  that  n  given  rotation  eorresponds  to  the  D-Wno. 

Specific  and  Molecular  Rotation.  Tlie  results  of  polarimctric 
measurements  are  expressed  either  as  specific  rotations  or  as 
raoU-cular  rotations,  the  latter  being  preferable  since  the  optical 
actiWties  of  different  substances  may  then  be  compared. 

The  specific  rotation  is  obtained  by  dividing  the  observed  rota- 
txm  by  the  product  of  the  length  of  the  colunm  of  liquid  and  its 
density,  or 


[aU  = 


Id' 


»befe  [a]t  is  the  specific  rotation  at  the  temperature,  (,  a  the 
observed  angle,  /,  the  length  of  the  column  of  liquid  in  decimeters 
Mid  d,  its  density.  If  the  specific  rotation  is  multiplied  by  the 
oofecular  weight  of  the  Hubstance,  the  molecular  rotation  is  0I3- 
t«ined,  but  owing  to  the  fact  that  the  resulting  numbers  are  too 
large,  it  is  customan,'  to  express  the  molecular  rotation  as  one 
ooe-hundredth  of  this  value,  thus 

1^  specific  and  molecular  rotations  of  solutions  of  optically 
irtive  substances  may  also  be  determined,  if  we  assmne  that  the 

•  3*e  for  exarnpk'.  "  The  Optical  Rotatory  Power  of  Orgiinic  Substances 
ud  ibi  Practical  Applicatiuaa."    U.  Landolt,  truiu».  by  J.  H.  Long. 
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solvent  is  without  effect.  While  this  assumption  is  justiiiable 
with  aqueous  solutions,  it  is  not  so  when  non-aqueous  solvents  are 
used.  If  g  granis  of  an  upticaily  active  substance  be  dissolved  in 
V  cc.  of  solvent,  then 


[ah 


and 


'''*''' =100*^* 


or  if  the  composition  of  the  solution  is  expressed  in  terms 
weight  instead  of  volume,  g  grams  of  snibstance  being  dissolved 
in  100  grams  of  solution  of  density  d,  then 

lOOo  .     ,      ,       Ma 

-^'    and    i««].  =  -^- 


mil 


optical  Activity  and  Chemical  Constitution.  The  fact  that 
Bome  substjinccs  have  the  power  of  rotating  the  plane  of  polarized 
■  light  wais  first  discovered  by  Biot,  but  the  credit  for  recognizing 
I  the  chemical  significance  of  this  fact  belongs  to  Past<'ur.*  He 
I  discovered  that  ordinarj'  recemic  acid  can  be  separated  into  two 
m  optically  active  modifications,  one  of  which  is  dextro-  and  the 
fc       other  levo-rotatory,  the  numerical  values  of  the  two  rotations 


J- 

7\ 

Fig.  31. 


being  identical.  If  a  solution  of  sodium  ammonium  racemate 
be  allowed  to  evaporate  at  a  low  temperature,  cr>'stals  of  the 
compoeition  NaNH4C«H40«'4  HjO  will  separate.  On  close  in- 
spection it  will  be  found  that  the  cry'staLs  are  not  all  alike,  but 
iliat  they  may  be  divided  into  two  classes,  one  class  showing 
some  unsymmetrical  crj'stal  surfaces  which  are  oppositely  placed 
in  the  crystals  of  the  other  class.    The  crystals  of  one  class  may 


•  Ann.  Chim.  Phyn.  (3),  24,  442  (1848);  aS,  56  (1850);  31,  67  (1851) 


be  regarded  as  the  mirror  iinages  of  those  of  the  other  claas: 
aach  crystals  are  said  to  be  enantiomorpkouH.  The  forras  usually 
MEumed  by  the  two  enantio)nori)}iau8  modifications  of  sodiuni 
Aaunomum  reacemate  are  shown  in  Fig.  31.  Aft^r  separating 
the  two  fonns  Pasteur  dissolved  each  in  water,  making  the  solu- 
tioDfi  of  the  tiiiinv  strength.  The  solution  of  the  crystals  with  the 
"right-lumdiHi  faces"  was  found  to  Ihj  dextro-rotatorj*,  while  that 
of  the  co'stals  with  the  "left-handed  faces"  wa«  f<iund  to  be  levo- 
nrtatory.  Pasteur  then  docoinix>8(Hi  the  two  salts  obtained  from 
sodium  ajiunoniuin  racemate  and  obtained  tlic  corresponding 
idds,  which  he  called  dextro-  and  ievo-raccmic  acids.  It  was 
Gabftequently  shown  that  the  two  acids  were  identical  with  dextro- 
ud  levo-tartaric  acids.  Finally,  when  Pasteur  mixed  equiv- 
alent amounts  of  concentrated  solutions  of  dextro-and  levo- 
tartaric  acids,  an  appreciable  evolution  of  heat  was  observed, 
indicating  that  a  chemical  reaction  had  taken  place.  After 
^^Anring  the  solution  to  stand  for  some  time,  crystals  uf  ordinary 
^^Ipemic  acid  were  ubtutDt;d.  Thus  it  w,»s  clearly  proven  that  an 
opticsUy  inactive  substance  may  be  separated  into  two  opti- 
cally active  modifications,  possessing  equal  anil  op]K)tsite  rotatory 
powere,  and  that  by  mixing  equivalent  quantities  of  tlie  two 
optically  active  forms,  the  optically  uiactive  substance  may  be 
recovered. 

Pasteur  discovered  and  applieil  three  other  methods  in  addi- 
tion to  the  mechanical  mcthml  already  <lescribwl.  for  the  separation 
of  a  substance  into  its  optically  active  modifications.  These  are 
•a  follows:  —  (a)  Metkmi  of  Crydalliztxiion,  (b)  Method  of  Forma- 
tm  of  Derk'filives',  and  (c)  Method  of  Ferments. 

}fetko(i  of  Cryntalliattion.  To  a  sui)er8aturate<l  solution  of  the 
racemic  modification  a  very  .-miall  cr>'stal  of  one  of  the  active 
forms  is  added.  Thi.i  will  induce  the  w;paraiion  of  crystals  of 
th*  same  form,  inoculation  with  a  dextro-crystal  pnxlucing  the 
dextro-fomi  and  inoculation  with  a  levo-crystal  producing  the 
levo-form. 

Mdhod  of  Formation  of  Dcnm/Vrcs.  In  this  method  an  optic- 
iiUy  active  substance,  generally  an  alkaloid,  is  added  to  tlje  raoemic 
modification,  producing  optically  active  derivatives  having  differ- 
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ent  solubilities.  Thus  if  cinchonine,  an  optically  active  alkaloid 
having  the  formula,  C'lsHaXsO,  be  adri*Mi  to  the  raoemie  modifica- 
tion of  tartaric  acid,  the  cinchonine  salt  of  the  levo-acid  will 
crj'stallize  first.  The  crystals  of  the  cinchonine  salt  are  then 
removed  and  aft«r  adding  ammonia  to  displace  the  alkaloid, 
diluU'  sulphuric  acid  is  iiddcd  and  the  pure  levo-tartaric  acid  is 
obtained. 

Method  of  Ferpients.  Notwithstanding  the  fact  that  optical 
antijwxles  resemble  each  other  so  closely  in  most  of  their  properties, 
Pasteur  found  that  certain  micro-organisms  have  the  power  of 
distinguishing  sharply  between  these  forms.  For  example,  if 
penicillium  glajicum  be  introduced  into  a  solution  of  racemic 
tartaric  acid,  it  thrives  at  the  expense  of  the  dcxtro-acid  and 
eventually  leaves  the  pure  levo-form.  In  this  method  one  of  the 
active  modifications  is  always  lost. 

Pasteiu"  was  the  first  to  point  out  that  there  must  be  some  inti- 
mate connection  between  optica!  activity  and  the  constitution  of 
the  molecule.  It  remained  for  Le  Bel  *  and  van't  Hoff  t  to  for- 
mulate independently  and  almost  simultaneously  an  hypothesis 
to  account  for  optical  activity  on  the  ba-sis  of  molecular  constitu- 
tion. Their  important  work  laid  the  foundation  of  spatial  chemis- 
try, commonly  termed  stereochemistry  (derived  from  the  Greek 
oTcpcos  =  a  solid).  Le  Bel  accepted  Pasteur's  view  tliat  optical 
activity  is  dependent  upon  a  condition  of  asymmetry,  but  whether 
this  asymmetry  is  a  property  of  the  crystal  alone  or  whether  it 
belongs  to  the  molecule  of  the  optically  active  substance,  was  the 
question  he  set  himsoU  to  answer.  He  found,  on  dissolving  certain 
optically  active  crystals  in  an  inactive  solvent,  that  the  optical 
acti\'ity  is  imparted  to  the  solution  and  therefore  he  concluded 
that  the  condition  of  asymmetry  must  exist  in  the  chemical  mole- 
cule. All  of  the  optically  active  substances  known  to  Lc  Bel  were 
corniwundii  of  carlx>n.  An  examination  of  the  formulas  of  these 
compounds  led  him  to  ascribe  the  cause  of  their  optical  activity 
to  the  presence  of  an  asymtnetric  carbon  atom,  that  is,  a  carbon 
atom  combined  wifh  four  difTerent  atoms  or  groups  of  atoms. 
♦  Bull.  HtK!.  <::hiin  (2),  sa,  337  (1874). 
t  Ibid.  (2),  J3,  295  (1875). 
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Ooe  of  the  aimplost  examples  is  afforded  by  lactic  acid,  the  struc- 
tural foniiula  of  which  is 

H 

I 
CH3  -  C  -  COOH 

I 

OH 

In  this  fonnula  the  aaymmctric  carbon  atom  is  placed  at  the 
center  and  is  in  combination  with  hydrogen,  hydroxyl,  methyl 
and  carboxj'L  In  connection  with  his  work  on  the  relation 
between  optical  activity  and  as>Tumetry,  Le  Bel  pointed  out  that 
active  forms  never  result  from  laboratory  syntheses,  the  racemic 
modification  Ix'ing  invariably  obtained.  Van't  Hoff  reached  con- 
duaons  similar  to  those  of  1^  Bel  and  proposed  the  additional 


^OH 


coou 


00  ou 


Fig.  32. 

theory*  of  the  asym?nelric  tclrahcdral  carbon  atom.  Since  the  four 
valences  of  the  carljon  atom  are  equivalent,  as  the  work  of  Henry 
Qo  methane  has  shown  them  to  be,  van't  Hoff  pointed  out  that 
the  only  possible  geometrical  arrangement  of  the  atoms  in  the 
molecule  of  methane,  must  be  that  in  which  the  carbon  atom  is 
placed  at  the  center  of  a  regular  tetrahedron  with  the  four 
hydrogen  atoms  at  Uie  four  apices.  He  then  pointed  out  that 
when  the  four  valences  of  the  tetrahedral  carbon  atom  are  satis- 
fied with  different  atoms  or  groups,  no  plane  of  sjTnmetry  can  be 
psand  througli  the  figure,  the  carbon  atom  being  asjTnmetric. 
This  conception  of  Le  Bel  and  van't  Hoff  forms  the  basis  of  all 
stereochemistry,  and  has  proved  of  inestimable  value  to  the 
nnpmic  chemist  in  enabling  him  to  explain  the  existence  of  many 
isofneric  compounds.    Thus,  ordinary  lactic  acid  can  be  split  into 
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two  optically  active  isomers.  Aside  from  the  fact  that  one  acid 
is  dextro-  and  the  other  is  Ievo-rotator>'.  the  properties  of  the 
two  acids  are  practically  identical.  If  the  foruiulafi  are  n-rittpn 
spatially,  the  different  groups  can  be  arranged  about  the 
asj-mmetrie  carbon  atom  in  such  a  way  that  the  two  tetrahedra 
shall  be  mirror  images  of  each  other,  as  sliown  in  Fig.  32,  It  will 
be  observed  that  these  two  tetrahedra  can  in  no  way  be  super- 
posed so  that  the  .same  groups  fall  over  each  other,  that  is  to 
say,  they  are  enantiomorphous  forms.  In  tartaric  acid  there  are 
two  asymmetric  carbon  atoms  as  is  evident  when  its  structural 
formula  is  written  as  follows:  — 


H 

I 


H 


HOOC  -  C  -  C  -  COOH 
I        I 
OH   OH 

If  the  stereochemical  formulas  nf  the  dextro-  and  levo-acids  \ie 
represented  as  in  Fig.  33,  (a)  and  (b),  it  will  be  apparent  that 
the  theory  admits  of  the  existence  of  another  isomer  with  the 
atoms  and  groups  arranged  as  In  Fig.  33(c). 

RacenUc  Add 


HO' 


CO  OH 


->OIT 

CO  OH 

Lb) 


OH 


OOOH 

||ic«)-l!KirtArlc  AxAd 

(C) 


Fig.  33. 


In  this  arrangement  the  asymmetry  of  the  upper  tetrahedron 
is  the  reverse  of  that  of  the  lower,  and  consequently  the  optical 
activity  of  one-half  of  the  molecule  exactly  compensates  the  optical 
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activity  of  the  other  half,  and  the  molecule  as  a  whole  is  inactive. 
It  is  evident  that  such  a  tartaric  acid  could  not  be  split  into  two 
active  forms.  Actually  there  are  four  tartaric  acids  known,  viz., 
(1)  inactive  racemic  acid  which  \s  tteporable  into  (2)  dextro-tartaric 
acid  and  (3)  levo-tartaric  acid ;  and  (i)  raeso-tartoric  acid,  an  in- 
active substance  which  haa  never  been  separated  into  two  active 
forms,  but  which  has  the  same  formula,  the  same  molecular 
v^^bt  and  in  general  the  same  properties  as  the  dcxtro-  or  levo- 
lartaric  acids.  Inactive  forms,  such  as  meso-tartaric  acid,  arc  said 
to  be  iniictivc  by  itUernal  compensation.  This  constitutes  one  of 
many  beautiful  confirmations  of  the  van't  Uof!  theory-  of  the 
asjinmetric  tetrahedral  carbon  atom. 

Meso-tartaric  acid  furnishes  an  illustration  of  the  fact  that 
asymmetric  carbon  atoms  may  be  present  in  the  molecule  with- 
out imparting  optical  activity  to  the  substance.  The  converse 
of  this  proposition,  however,  that  optical  activity  is  dependent 
upon  asjTnmetric  carbon  atoms,  is  generally  true.  Quite  recently 
some  substances  apparently  containing  no  asj-mmetric  carbon 
atoms  have  been  discovered  which  are  optically  active.  An 
example  of  such  a  substance  is  1-raetbyl  cyclohexyUdene-4  acetic 
wad,  to  which  the  following  formula  has  been  assigned:  — 

CH,.CH, 
CHjCH  ,C:CH*COOH 

I  Other  atoms  aside  from  carbon  may  be  a.symmetric;  thus  certain 
ftflompounds  of  nitrogen,  sulphur  and  tin  have  been  shown  to  be 
^optically  active.  The  theory  also  furnishes  an  explanation  of 
the  fact,  pointed  out  by  Le  Bel,  that  optically  active  forms  are 
never  obtained  by  dirwt  s>'nthe3is.  Since  the  rotatory  power  is 
d^>endent  upon  the  arrangement  of  the  atoms  and  groups  in  the 
iDolecxUe,  it  follows  from  the  doctrine  of  probability  that  as  many 
dextro  as  levo  configurations  will  be  fonned  and  consequently  the 
racemic  modification  will  be  obtaine<l.  Up  to  the  present  time  no 
satisfactory  generalization  has  been  discovered  as  to  the  factors 
determining  the  molecular  rotation  in  any  particular  case.    An 
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attempt  in  this  dirpction  1ms  been  made  by  Guye,*  in  which  he^-j 
aiicribes  Ihe  magnitude  (if  tlie  obftei-ved  rotation  to  the  relativaL 
masses  of  the  atoms  or  groups  which  are  in  ccnnbination  with  thfti 
tetrahedral  carbon  atom.  But  it  cannot  be  mass  alone  which- 
conditions  optical  activity,  since  substances  are  knonTi  which 
rotate  the  plane  of  jxilarization  notwithstanding  the  fact  that 
their  molecules  have  two  groui»s  of  equal  mass  in  coml>ination 
with  the  as>ininetric  carbon  atom.  The  molecular  njtatiuns  of 
the  members  of  homologous  series  exhibit  some  regularities^  but 
on  the  other  hand  many  exceptions  occur  which  cazmot  be  satis- 
factorily explained,  .\bout  all  that  can  be  said  at  the  present 
time  is,  that  optical  activity  is  a  constitutive  property. 

Magnetic  Rotation.  That  many  subslaaces  ac<iuire  the  power 
of  rotating  tlie  plaiiL'  uf  polariaiHi  light  when  placed  in  an  intense 
magnetic  field  was  first  observed  by  Faraday  t  ia  1846. 

The  relation  between  chemical  composition  and  magnetic 
rotatorj'  power  has  since  been  investigated  very  cxliaustively  by 
W.  H.  Perkin,t  his  experiments  in  this  field  having  been  continued 
for  more  than  fifteen  years.  In  brief,  Perkin's  method  of  investi- 
gating magnetic  rotatory  power  consisted  in  introducing  tJie 
liquid  to  be  examined  into  a  polarimeter  tube  1  decimeter  in 
length  and  then  placing  the  tube  axially 
betweeen  the  (Hrforated  poles  of  a 
powerful  electromagnet,  as  shown  in 
Fig.  34.  Upon  exciting  the  nuignet  it 
wa.s  found  that  the  plane  of  polarization 
had  been  rotated,  either  to  the  right 
or  the  left,  the  direction  of  rotation 
depending  upon  the  direction  of  the 
current,  the  intensity  of  the  magnetic 

field  and  the  nature  of  the  Jirjuid.  Perkin  used  the  sodium  flame 
as  his  source  of  light  and  carried  out  jdl  nf  his  experiments 
at  15°  C.    He  expressed  his  results  by  means  of  the   formulur 

•  Compt.  rtTiii.,  no,  TU  (1890). 

t  Phil.  Trans.,  136,  I  (IS-IC). 

I  Jour,  prakt.  Chein.  12],  31,  131  (18S5);  Jour.  Chen].  Soc.,  49,  777;  4It 
80R;  53,  561,  095;  59.  SSI;  61,  287.  800;  63,  57;  65,  402,  815;  67,  256;  69, 
1025  (1886-1896). 


Fig.  34. 
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!<k/<2,  a  being  the  observed  angle  of  rotation,  d,  the  density 
the  liquid  and  M  its  molecular  weight.      All   measurements 
expressed  in  terms  of  water  as  a  standard:   thus  if  Ma/d 
the   rotation  for   any  substance   and   M'a'/d'  is  the    corre- 
mding    rotation    for    water,    then,   actordinp   to    Perkin,    the 
ttuignetic  rotation  will  be  given  by  the  ratio,  Ma/d  : 
MW/d'  or  Mad'/MWd, 

The  molecular  magnetic  rotation  for  a  large  number  of  orgaiuc 
oompounds  has  been  determined  by  Perkin,  who  has  shown  it  to 
be  an  additive  property.  In  any  one  homologous  aeries  the  value 
of  the  molecular  magnetic  rotation  is  given  by  the  formula 

mol.  mag.  rotation  =  a  +  rj6, 

a  is  a  constant  characteristic  of  the  series,  &  is  a  constant 
onding  to  a  difference  of  CH:  in  composition,  its  value 
'  being  1.023,  and  n  is  the  number  of  carbon  atoms  contained  in 
the  molecule.  This  fonnula  is  applicable  only  to  compoimds 
which  are  strictly  homologous,  isomeric  substances  in  two  differ- 
ent series  having  quite  different  rotations.  The  constitution  of 
the  molecule  exerts  as  great  an  influpnce  on  magnetic  rotation 
as  it  does  on  refraction,  a  double  bond  causing  an  appreciable 
bcnase  in  the  value  of  a.  The  results  of  experiments  on  mag- 
netic rotation  show  that  nothing  like  the  same  regularities  exist 
Aft  have  been  discovered  for  molecular  refraction  and  molecular 
Tohime.  The  rotatory  powers  of  various  inorganic  substances 
have  been  determined,  hut  th€  results  arc  too  irregular  to  admit 
of  any  satisfacton.'  interpretation. 

Absorption  Spectra.  When  a  beam  of  white  light  is  passed 
through  a  colored  liquid  or  solution  and  the  emei^nt  beam  is 
examined  with  a  si>ectro8cope,  a  continuous  spectrum  crossed  by 
a  number  of  dark  bands  is  obtained.  A  portion  of  the  light  has 
been  absorl>ed  by  the  liquid.  Such  a  spectrum  is  known  as  an 
absorption  spectrum.  If  instead  of  passing  the  light  through  a 
liquid  it  is  passed  through  an  incandescent  gas.  a  s[)entrum  will 
be  obtained  which  is  crossed  by  numerous  fine  lines,  termed 
Fraunhofer  lines.  Such  lines  occupy  the  same  jH>sitions  as  the 
corresponding  colored  Unes  in  the  emission  spectrum  of  the  gas. 
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It  follows,  therefore,  that  the  abeorption  spectrum  is  quite  as  char- 
acteristic of  a  eubstancp  as  its  emission  spectrum,  and  from  a 
careful  study  of  the  alworption  spectra  of  liquids  we  may  expect 
to  gain  some  insight  into  their  molecular  constitution.  Hie 
pioneer  workers  in  this  field  were  Hartley  and  Baiy  *  and  it  ia 
largely  to  them  that  we  owe  our  present  experimental  methods* 
The  instrument  employed  for  photographing  spectra  is  called  s 


spedrograph,  a  very  satisfactory  form  being  shown  in  Fig.  as. 
It  differs  from  an  ordinarj'  spcctrosco|K»  in  that  the  eye-piece  is 
replaced  by  a  photographic  camera.  This  attachment  is  clearly 
shown  in  the  illustration.  Tlie  plateholder  is  so  constructed  that 
only  a  narrow  horizontal  strip  of  the  plate  is  exposed  at  any  one 
time,  thus  making  it  possible  to  take  a  series  of  photographs  on 
the  same  plat*  by  simplj-^  lowering  the  holder.  By  means  of  ft 
millimeter  scale,  also  shown  in  the  illustrjitinn,  the  platehoktef 
1  can  be  moved  through  the  sanic  distance  each  time  before  expoe- 
*  See  numcroua  papers  in  the  Jour.  Chem.  Soc.,  aince  1S80. 
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ing  a  fresh  portion  of  the  plate,  thus  insuring  an  equal ly-spaced 
«ehe8  of  spectrum  photographs.  In  order  that  spectra  in  the  ultra- 
Tiolei  region  may  be  photographed,  it  is  customary  to  equip  the  in- 
strument with  quartz  lenses  and  a  quartz  prism,  ordinary  glass  not 
bring  transparent  to  the  ultra-violet  rays.  Using  a  speetrograph 
furnished  with  a  quartz  optical  system,  it  is  possible  to  photc^aph 
on  a  single  plate  the  entire  spectnom  from  2000  to  8000  Angstrom 
units.  A  scale  of  wave-lengths  photographed  on  glass  is  provided 
•ith  the  instrument  so  that  the  wave-lengths  of  lines  or  bands 
can  be  read  off  directly  by  laying  the  scale  over  the  photographs. 
The  source  of  light  to  be  used  depends  upon  the  character  of 
liie  inTPstigation.  If  a  source  rich  in  ultra-violet  rays  is  desired, 
the  light  from  the  electric  spark  obtained  between  electrodes  pre- 
pared from  an  alloy  of  cadmium,  lead  and  tin  is  verj'  satisfactory; 
or  the  light  from  an  arc  burning  between  iron  electrodes  may  be 
used.  For  investigations  in  the  visible  region  of  the  si>cctrum 
the  Xemst  lamp  is  unsurpassed.  In  using  the  spectrograph  for 
the  purpose  of  studying  the  constitution  of  a  dissolved  substance, 
it  is  necessary  to  determine  not  only  the  number  and  position  of 
the  absorption  bands,  but  also  the  persistence  of  these  bands  aa 
the  solution  is  diluted. 

According  to  Beer's  law  the  product  of  the  thickness,  (,  of  an 
Absorbing  layer  of  solution  of  molecular  concentration,  m,  is  con- 
stant, or  m/  =  k.  If  then  the  thickness  of  a  given  layer  of  solu- 
tion is  diminished  n  times,  its  absorption  will  be  the  same  as  that 
of  a  solution  whose  concentration  is  only  l/rith  of  that  of  the  original 
sdutioD.  Thus,  by  varying  the  thickness  of  the  absorbing  layer 
we  can  produce  the  same  cflFect  as  by  changing  the  concentration. 
The  convenient  device  of  Baly  for  altering  the  length  of  the 
ftbtwrbing  column  of  liquid  is  rtho\vn  in  Fig.  36  attached  to  the 
collimator  of  the  spectrograph.  It  consists  of  two  closely-fitting 
tubes,  one  end  of  each  tube  being  closed  by  a  plane,  quartz  disc. 
The  outer  tube  is  fitted  with  a  small  bullied-funnel  and  is  graduated 
in  millimeters.  The  two  tulles  arc  joined  by  means  of  a  piece  of 
mbber  tubing  which  prevents  leakage  of  the  contents,  and  at  the 
same  time  udmit«  of  the  adjustment  of  the  column  of  liquid  to 
the  desired  length  by  simply  sliding  the  smaller  tube  in  or  out. 
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Molecular  Vibration  and  Chemical  Constitution.  There  am 
two  systetns  uf  graphic  roprt'seutation  of  tliC  results  of  spectro- 
scopic investigations.  In  tlie  first  system,  due  to  Hartley,  thft 
wave-lengths  or  their  reciprocals,  the  frequencies,  are  pIott<?d  as 
aliscissse  and  the  thickne^sses  of  the  absorbing  layers,  in  mUlj- 
meters,  are  plotte<I  as  ordinates.  Such  curves  are  known 
curves  uf  molecnlnr  rthrntitui.  The  second  system,  due  to  Ba 
and  Dcsch,  is  a  modification  of  that  developed  by  Hartley. 


&. 


Fig.  36. 

Baly  and  Desuh  suggested  that  for  various  reasons  it  would  be 
more  advantfigeous,  if  inst<^ad  of  plotting  the  thicknesses  of  the 
al)sorhiug  layers  us  ordJnaU's,  the  logarithms  of  these  thieknesses 
be  plotted.  Both  methods  have  their  odvantagt^  and  both  are 
used.  As  an  illustration  of  the  value  of  curves  of  molecular 
vibration  in  connection  with  questions  of  chemical  constitution, 
wc  will  tjUte  the  case  of  i>hydroxy-earbanil.  The  constitution 
of  this  sulwtanre  was  known  to  be  represented  by  one  of  the  two 
following  formulas:  — 

Ch/     yCO,    or    C^ 

NH  N 

(a)  (b) 

Hartley  showed  that  the  absorption  spectra  of  the  two  ethyl 
derivatives,  the  lactam  and  lactim  ethers,  are  very  different. 
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On  eomparing  the  curves  of  molecular  vibration  for  the  three  sub- 
rtanecB  (Fig.  37),  it  is  ^)parent  that  the  curves  for  the  lactam 
.  ether  and  o-hydioxy-carbanil  bear  a  close  resemblance  to  each 
other,  wlule  the  curve  for  the  lactim  ether  is  very  different  from 
the  curves  for  the  other  two  substances.    The  constitution  of 
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lActim  Bther 


o-hydroxy-carbanil  must  then  be  very  similar  to  that  of  the 
lactam  ether.  The  formulas  of  the  ethyl  derivatives  of  the 
mother  substance  are  known  to  be  as  follows;  — 

Ci34<y     yCO  C6H4<^    "^C-O-CaHi 


N-C2H5 
Lactam  ether 


N 
Lactim  ether 
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Hartley  concluded,  tbererom,  that  formula  (a)  represents  the 
structure  of  the  molecule  of  o-hydroxy-carhanil. 

It  is  beyond  the  scope  of  this  biwk  to  discuss  at  greater  length 
the  bearing  of  absorption  spectra  upon  chemical  constitution;  but 
the  student  is  camcstly  advised  to  coa-sult  some  book  *  treating  of 
thU  important  subject  or  to  read  some  of  the  ongimil  papers. 

Surface  Tension.  The  attraction  between  the  molecules  of  a 
liquid  manifests  itself  near  the  surface  where  the  molecules  are 
subject  to  an  unbalanced  internal  force.  The  condition  of  a 
liquid  near  its  surface  is  roughly  depicted  in  Fig.  38,  where  the 
dots  A,  B,  and  C  represent  molecules  and  the  circles  represent  the 
Bpheres  within  which  lie  all  of  the  other  niotecules  which  exert  an 
appreciable  attraction  upon  A ,  B,  and  C.  The  shaded  portions  rep- 


© 


Fig.  38. 


resent  those  molecules  whose  attractions  are  unbalanced.  These 
unbalanced  forces  will  evidently  tend  to  diminish  the  surface  to 
a  minimxun  value.  That  is,  the  contraction  of  the  surface  of  a 
Uquid  involves  the  expenditure  of  energj'  by  the  Uquid.  The 
surface  film  of  a  liquid  is  consequently  in  a  state  of  tension. 

Some  liquids  wet  the  walls  of  a  glass  capillary  tube  while  others  do 
not.  When  the  liquid  wets  the  tube,  the  surface  is  concave  and  the 
liquid  rises  in  the  tube;  on  the  other  hand,  when  the  Uquid  does  not 
adhere,  the  surface  is  convex  and  the  liquid  is  depressed  in  the  tube. 
The  law  governing  lh«  elevation  or  <lepression  of  a  Uquid  in  a 
capillary  tube  was  discovered  by  Jurin  and  may  bo  stated  thus:  — 
The  elevaiion  or  depression  of  a  liquid  m  a  capilhinj  tuhe  is  inversely 
proportional  to  the  diameter  of  the  tube.     Let  Fig.  39  represent  a 


*  RvlatioQ  between  Chem.  Coniititulion  and  Phys.  Propurlia*.    Samuet 


Smilea. 
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capillary  tube  of  radius  r,  immersed  in  a  vessel  of  liquid  whose 
density  is  d,  and  let  the  elevation  of  the  liquid  in  the  capil- 
lary be  denoted  by  ft.  Then  the  weight  of  the  column  of  liquid 
b  the  capillary  wnll  be  jrr^Wp,  where  y  ia  the  acceleration  due 
to  gravity.    The  force  sustaining  this  weight  ia  2  wry  coe  9,  the 


F«.3». 


verticsl  component,  of  the  force  due  to  the  tension  of-  the  liquid 
sorfflce  at  the  walls  of  the  tube,  y  Ijcing  the  surface  tension  and 
i  the  angle  of  contact  of  the  liquid  surface  with  the  walls  of 
the  tube. 

Therefore 

rr^hdg  =  2  irry  co8  9, 

or 

'      2co8fl 

In  the  case  of  wat«r  and  many  other  Uquids  0  is  so  small  tliat  we 
may  write  8  =  0,  the  foregoing  expreBsion  becoming 

7  =  1:2  hdgr. 

Thus  the  surface  tension  of  a  Uquid  can  be  calculated  provided 
ii«  density  and  the  height  to  which  it  rises  in  a  previously  caUbrated 
tube  is  known.  When  k  and  r  are  expressed  in  centimeters,  y 
will  be  expresw^d  in  dynes  per  centimeter  or  ergs  per  square  centi- 
meter. A  simple  form  of  api>aratus  for  the  det«nnination  of 
wrface  tension  used  by  the  author  is  shown  in  Fig.  40.  A  eapil- 
lar>-  lube,  .4,  of  uniform  bore  is  scaled  to  a  glass  rod,  E,  which  is 
M(l  in  position  in  the  teat  tube,  B,  by  means  of  a  oork  stopper. 
A  short  right-angled  tube,  D,  and  a  thermometer,  F,  are  also 
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passed  through  the  same  cork  stopper.  The  liquid  whose  surface 
tension,  is  to  tie  measured  is  introduced  into  the  tuhe,  H,  the  cork 
inserted  and  the  tube  placed  inside 
of  the  larger  tube,  C,  containing  a 
liquid  of  known  boiling-point. 
W  hen  the  thermometer,  F,  has 
iK'come  stationary,  the  capillary 
elevation  of  the  liquid  is  mcaaurod 
with  a  cathetoractcr.  The  tube, 
D,  peiroits  the  escape  of  vapor 
from  the  liquid  in  B  and  at  the 
same  time  insures  equality  of  pres- 
sure inside  and  outride  of  the  ap- 
paratus. Tlie  spiral  tulx;,  G,  serv'ea 
as  an  air  condenser,  preventing 
loss  of  vapor  from  the  liquid  in  the 
outer  tube.  The  surface  tension 
of  a  liquid  lias  been  foimd  ti>  deix-nd 
Upon  the  nature  of  the  liquid  and 
also  upon  its  temperature. 

Surface*  Tension  and  Molectilar 
Weight.  In  1886,  Eotvos  *  showed 
tliat  the  surface  tension  multiplied 
by  the  two-thirds  power  of  the  mo- 
lecular weight  and  specific  volume 
is  a  funetiun  of  the  absolute  tem- 
perature, or 

7(3ff)i=/(n 

where  7  is  the  surface  ten.sion,  M 
the  molecular  weight,  v  the  specific  volume  or  reciprocal  of  the 
density,  and  T  the  absolute  temperature.  Ramsay  and  Shields  f 
modified  the  equation  of  Eotvos  as  follows:  — 

7(A/(0!  =  A-('.-i-6),  (1) 

le  being  the  critical  temperature  of  the  liquid,  (  the  temperature 
of  the  experiment,  and  k  a  constant  independent  of  the  nature  of 

•  Wiwl,  Ann.,  171  -MS  (1885). 

t  Zeit.  ph>-H.  Chem.,  la,  431  (1893). 


Fig.  40. 


the  liquid.  The  physical  significance  of  the  two-thirds  power  of 
the  molecular  volume  luui  been  eNpltiined  by  Ostwald  in  the  follow- 
ing nmnner:  —  Assmuing  the  molecules  to  be  spherical,  we  shall 
have  for  two  different  liquids,  the  proportion 

Ki:r,::rj>:r,', 
wherr?  W  and  Vt  represent  the  volumes  and  fi  and  rj  the  radii  of 
their  respective  mulecul<>s.     Smiilarly   the  ratio  of  the  surfaces, 
Si  and  St,  uf  the  molecuk-si  in  terms  of  their  respective  radii,  will 
be 

From  theae  two  proportions  it  fallows  that  the  ratio  of  the  molec- 
ular surfaces  in  terms  of  the  iiiulecubir  volwnes,  wilt  t>e 
S,  :.S'.::y,i:ni. 
Making  use  of  the  value  of  M  as  determined  in  the  gaseous  state, 
Ramsay  and  Shields  found  the  value  of  k  for  a  large  number  of 
liquids  to  be  equal  to  2.12  ergs.  Among  the  liquids  for  whieh 
this  value  of  k  was  found  were  benzene,  carbon  tetrachloride, 
carbon  disulphide  and  phosphorus  trichloride.  For  certain  other 
liquids  such  as  water,  methyl  and  ethyl  alcohols  and  acetiu  acid, 
k  was  found  to  have  values  much  smaller  than  2.12.  Ramsay 
and  Shields  attributed  these  abnormalities  to  an  increase  in  molec- 
ular weight  due  to  association ,  and  suggested  that  the  degree  of 
association  might  be  calculated  from  the  etjuation 

xl  =  2.12/ife', 
or 

(2) 


-m- 


where  x  denotes  the  factor  of  association,  and  k'  is  the  value  of 
the  constant  for  the  associated  liquid  in  equation  (1).  It  was 
further  pointed  out  by  Ramsay  and  Shields  that  equation  (I) 
affords  a  means  of  calculating  the  molecular  weight  of  a  pure 
Uquid,  provided  we  assume  that  for  a  non-associated  liquid  the 
mean  value  of  k  is  2.12.  Since  it  is  not  an  easy  matter  to  deter- 
mine the  critical  temperature  with  accuracy,  Ran^say  and  Shields 
made  use  of  a  differential  method,  and  thus  eliminated  4  from 
equation  (1).     If  the  surface  tension  of  a  liquid  be  measured  at 
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two  temperatures  ti'and  tt,  and  the  corresponding  densities  are  di 
and  dt,  we  shall  have 

7i(M/d,)i  =  A:«,-«i-6),  (3) 

and 

yiiM/d,)i^k(U-U-e).  (4) 

Subtracting  equation  (4)  from  equation  (3),  we  obtain 

7i(MM)i-7.(MM)i  ^  ^  ^  2.12,  (5) 

U  ~  h 
or  solving  equation  (5)  for  M,  we  have 

\  71^2*  —  7i<ii*  ' 
The  method  of  Ramsay  and  Shields  is  the  best  known  method  for 
the  determination  of  the  molecular  weight  of  a  pure  liquid.  If 
M  is  known  to  be  the  same  in  the  liquid  and  gaseous  states, 
or]  in  other  words,  if  A;  is  independent  of  the  temperature,  even 
though  its  value  is  not  exactly  2.12,  the  critical  temperature  of 
the  hquid  can  be  calculated  by  means  of  equation  (1).  In  order 
that  the]correct  value  of  the  critical  temperature  may  be  obtained, 
Ramsay  and  Shields  found  it  necessary  to  use  the  specific  value 
of  k  for  the  liquid  whose  critical  temperature  is  sought.  As  an 
illustration  of  the  method  of  calculation,  the  following  example  is 
taken  from  the  work  of  Ramsay  and  Shields. 
For  carbon  disulphide, 

7  at  19'*.4  =  33.58  y  at  46°.l  =  29.41 

d  at  19^4  =  1.264  d  at  46**.l  =  1.223. 

We  have  then  for  y  {M/d)i,  at  the  two  temperatures, 

(76/1.264)1  X  33.58  =  515.4, 
and 

(76/1.223)1  X  29.41  =  461.4. 
Substitutmg  m  the  equation 

7i(M/rfi)J-7«(M/d,)l 


tt-h 

we  have, 

515.4  -  461.4 
46.1  -  19.4 


K 


=  2.022. 
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This  ^"alue  of  A:  is  so  nearly  equal  to  the  mean  value,  2.12,  that  we 
ioume  .If  to  be  the  same  in  the  liquid  and  giLseous  states,  and 
Uwfefore  wc  may  substitute  in  equation  {I)  and  calculate  the 
critical  temperature  of  cartxjn  disuiphlde  thus, 

y  {M/d)i  -  fc  ((.  -  i  -  6), 
flraatving  for  U,  we  have 

7(M/rf)l 


I 


t.= 


+  i  +  6. 


Sobetituting  the  data  given  alwve,  in  the  preceding  equation,  we 
obtaia 

4,  =  515.4/2.022  +  6  +  19.4, 
or  t.  =  28(y.3  C. 

Surface  Tension  and  Drop-Weight.  Morgan  and  his  co- 
workers,* from  niea.su renients  of  the  volumes  of  a  single  drop 
falling  from  the  carefully-ground  lip  of  a  capillary  tube,  have 
tbown  that  the  weight  of  the  falling  drop,  from  such  a  tip  can  be 
used  in  place  of  the  surface  tension  in  the  equation  <if  Ramsay 
UHi  Shields  for  the  calculation  of  molecular  weiglits  and  critical 
temperatures.    The  modified  equation  may  be  written  thus:  — 

t£»,(K/di)l -u>s(Af M)J 


tt-ti 


=  fc. 


where  wi  amd  vh  are  the  respective  weights  of  the  falling  drop 
*t  the  temperatures,  d  and  (j.  The  value  of  k  obviously  depends 
upon  the  tip  employe<l. 

The  results  obtained  by  the  drop-weight  method  have  been 
shown  to  be  more  trustworthy  than  those  obtained  by  the  method 
of  capillary  elevation.  Morgtm  has  further  pointed  out  that 
»hen  the  experimental  data  arc  substituted  in  the  preceding 
fonnula,  the  magnification  of  the  experimental  errors  is  appreci- 
ably greater  than  when  use  is  made  of  the  nri^nol  formula, 

Morgan  recommends  therefore  that  this  formula  be  used  for 
the  determination  of  molecular  weights.     After  having  calibrated 

•  Jour.  Am.  Chem.  Soc.,  30,  360  (1908);  30,  1055  (1908). 


< 


MB. 


THEORETICAL  CHEMISTRY 


a  particular  tip  with  pure  boiwenc  (a  liquid  which  is  known  to  be 
non-as8ocriate<l),  and  thus  ascertaining  the  value  of  k,  the  drop- 
weightJi  at  several  different  temperuturea  are  determined.  If 
wc  assume  M  to  have  the  same  value  in  the  liquid  and  ga.soous 
states,  the  value  of  tc  can  Ix?  computed  \)y  substitutinK  the  exijeri- 
mental  data  in  the  preceding  equation.  If  at  the  different  tem- 
peratures at  which  drop-weights  are  dctennined,  the  same  value 
of  te  is  obtained,  then  wc  may  infer  that  the  liquid  'n  non-aaao- 
ciated  and,  therefore,  that  the  assumption  made  as  to  the  value  of 
M  \B  confirmed.  It  is  a  singular  fact  that  the  calculated  value 
of  (c  for  some  liquids  does  not  agree  with  the  experimental  value, 
although  it  remains  constant  throughout  an  extended  rai^e  of 
temperatures.  Morgan  considers  a  constant  value  of  fe  to  be  an 
indication  of  non-association,  even  if  the  value  is  fictitious.  In 
this  method  the  constancy  of  the  calculated  value  of  the  critical 
temperature  becomes  the  criterion  of  molecular  association,  and 
thus  afTord.s  a  means  of  determining  whether  the  molecular  weight 
in  the  liquid  state  is  identical  with  that  in  the  gaseous  state.  The 
values  of  (<,  calculated  from  the  drop-weights  of  an  associated 
liquid  become  steadily  smaller  as  the  temperature  increases.  A 
large  number  of  liquids  have  been  studied  by  this  method,  and 
the  results  indicate  that  many  of  the  substances  which  were  con- 
sidered to  be  associated  by  Ramsay  and  Shields  are  in  reality 
non-a-ssociated ;  in  fact,  it  appears  from  the  work  of  Morgan  that 
association  Is  much  less  common  among  liquids  than  has  hitherto 
been  suppusiHl. 

Dielectric  Constants.  In  1837,  Faraday  discovered  that  the 
attraction  or  repulsion  between  two  electric  charges  varies  with 
the  nature  of  the  intervening  medium  or  dielectric,  If  qi  and  qi 
represent  two  charges  which  are  separated  by  a  distance  r,  the 
force  of  attraction  or  repulsion,  /,  is  given  by  the  equation 


where  D  is  a  specific  property  of  the  medium  known  as  the  dieJsetrie 
constant.  The  dielectric  constant  of  air  is  taken  as  unity.  Var- 
ioua  methods  have  been  de\'ised  for  the  experimental  determination 


r^} 
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of  the  dielectric  constant,  but  the  scope  of  this  book  forbids 
even  a  brief  description  of  the  apparatus  or  an  outline  of  the 
processes  of  measurement.  For  a  description  of  these  methods 
the  student  is  referred  to  any  one  of  the  more  complete  physico- 
ebouical  laboraton,'  manuals,  or  to  the  original  communications 
of  Nemst  *  and  Drude.t 

The  values  of  the  dielectric  constants  for  some  of  the  more 
oonmton  aolvents  are  given  in  the  accompanying  table. 


DIELECTRIC  CONSTANTS  AT  18^  C. 


SuUtUM. 


Hydrogen  dioxide 

Water 

Formic  acid 

Methyl  alcohol. . 
Kthyf  alcohol.- . . 
Ammonia,  liquid. 

Chloroform 

Ether. 

Carbon  disuEphide 
Benzene 


92. S 

77.0 

63.0 

33.7 

25.9 

22.0 

6-0 

4.4 

2.6 

2.3 


The  importance  of  this  property  of  liquids  will  become  more 
tpparent  in  subsequent  chapters,  especially  in  those  devoted  to 
-'lectrochemistry. 


PROBLEMS. 

1.  It  is  desired  to  compare  the  molecular  voIuddps  of  alcohol  and  ether. 
H  the  molecular  volume  of  ether  \ti  determined  at  20"  C,  at  what  (emper- 
•ture  must  the  molecular  volume  of  alcohol  be  determined?  The  boiling 
pmnte  of  alcohol  and  ether  are  78**  and  35*  respectively.      Ans.   61**  C. 

2.  A  volume  of  50  liters  of  air  in  passing  through  a  liquid  at  22**  C. 
Ciuees  the  evaporation  of  5  grams  of  substance,  the  molecular  weiglit  of 
which  is  lOO.    What  ia  the  vapor  pressure  of  the  liquid  in  grams  per 


iquare  centimeter? 


Am,  25. 


*  Zeit.  phyd.  Chem.,  14,  622  (1894). 
t  Ibid.,  33,  267  (1897). 
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3.  The  boiling-point  of  ethyl  propionate  is  OS*".?  C.  and  its  heat  of 
vaporiziition  \»  77.1  caloriM.     Calculate  its  molecular  weight. 

4.  The  heat  of  vaporization  of  liquid  ammonia  ai  its  boiliitg-poinT, 
under  atmospheric  prcssuru  (—  33°.5C.)  ijB  341  calorics.  la  liquid  am- 
monia associated? 

5.  Calculttto  the  molecular  volume  of  ethyl  butyrate.  The  moIecular_ 
volume  determined  by  experiment  is  149.!. 

n.  For  propionic  acid,  d=  I.015H  and  hd  =  1.3953.    Calculate 
molecular  refraction  by  the  formiiLi  of  IxircnK-Lorcnta  and  compare 
value  so  obtained  with  that  derived  from  the  atomic  refractions  of 
the  constituent  elements. 

7.  The  denaty  of  ether  is  0.7208,  of  ethyl  alcohol,  0.7935  and  of  a 
mixture  of  ether  and  alcohol  containing  p  per  cent  of  the  latter,  0.7389. 
At  20**  C.  the  refractive  indices  for  sodium  liglit  are,  for  ether,  1.3536,  for 
alcohol,  1.3619,  and  for  the  mucture,  1.3372.  Calculate  the  value  of  p, 
using  the  Gladstone  antl  Dale  formula.  Am.   20.81. 

8.  At  20*  C.  the  density  of  chloroform  is  1.4S23  and  the  refractive 
adex  for  the  D-hae  is  1.4472.     Given  the  atomic  refractivities  of  carbon 

'^and  hydrogen,   calculate   that   of   chlorine,   using    the   Lorenz-Locentx 
formula.  Arm.  5.999. 

9.  Calculate  the  surface  tension  of  benzene  in  dynes  per  centimeter 
the  radius  of  the  capillary  tube  txiing  0.01843  cm.,  the  density  of  the 
liquid,  0.85,  and  the  height  to  wliirh  it  rises  iu  tlie  capillary,  3.213  cm. 

Am.  24.71  dyncs/cm. 

10.  find  the  inokx!ular  wi;ight  of  benzene,  the  Hurfuce  tension  at 
46"  C.  being  24.71  dynes  per  centimeter,  its  critical  temperature,  288*.5  C, 
itfl  density,  0.85  and  the  value  of  k  =  2.12.  Ans.  77.7. 

11.  At  14*.S  C.  acetyl  chloride  (density  =  1.124)  asccmls  to  a  height 
of  3.28  cm.  in  a  capillary  tube  the  radius  of  which  is  0.01425  cm.  At 
46^.2  C.  in  the  same  tube  the  elevation  is  2.S5  era.  and  the  density 
"  1.064.    Calculate  the  critical  temperature  of  acetyl  chloride. 

Am.   234^BC. 

12.  From  a  certain  tip  the  weights  of  a  falling  drop  of  bcniene  are 
35.329  milligrams  (temp.  =  Il"'.4,  density  =  (1.8SS)  and   26.530    mUIi- 

ns  (temp.  =  BS^.S,  density  =  0,827).    The  molecular  weight  is  the 
raame  in  the  liquid  and  gaeeous  states.    Calculate  the  critical  temper^ 
ature  of  benzene.  Ana.  286^.1  C. 


General  Properties  of  Solids.  Solids  differ  from  gases  and 
Bquidii  in  possessiug  definite,  individual  fonns.  Matter  in  the 
•olid  state  is  capable  of  resisting  considerable  shearing  and  tensile 
sboBes.  In  terms  of  the  kinetic  theorj*  of  matter,  the  mutual 
attractive  forces  exerted  by  the  moieculea  of  solids  must  be  re- 
guded  as  superior  to  the  attractive  forces  between  the  molecules 
of  gases  and  Uquids.  With  one  or  two  exceptions  all  solids  ex- 
pand when  healed,  but  there  is  no  simple  law  expressing  the  relation 
Iwlween  the  increment  of  volume  and  the  temperature.  Rigidity  is 
mother  characteristic  property  of  solids,  it  being  much  more  ap- 
pirent  in  some  than  in  others.  Many  solids  arc  coastantly  under- 
gnng  a  process  of  transform ati on  into  the  gaseoas  state  at  their 
frw  surfaces,  such  a  ehai^  being  known  as  tsubliniation.  Just 
u  when  a  gas  is  sufficiently  cooled  it  passen  into  the  liquid  state, 
w  on  cooling  a  liquid  below  a  certain  tempernture,  it  passes  into 
tie  solid  state.  The  reverse  transform  at  ions  arc  also  possible,  a 
wild  being  !ique6ed  when  sufficiently  heated,  and  the  resulting 
fiquid  completely  vaporized  if  the  heating  be  continued.  Heat 
energy  is  required  to  effect  transition  from  the  solid  to  the  liquid 
state,  just  as  heat  energy  is  required  to  effect  transition  from  the 
tiquid  to  the  gaseous  state. 

Obviously  a  substance  in  the  solid  state  contains  less  enei^ 
thoa  it  does  in  the  liquid  state.  The  number  of  calories  required 
to  melt  1  gram  of  a  solid  substance  is  called  lU  heal  of  futnon. 
It  is  often  difficult  to  decide  whether  a  substance  should  be  classi- 
fied as  a  solid  or  as  a  liquid.  For  exwnple  the  behavior  of  certain 
wnorphoTis  substances  such  as  pitch,  amber  and  ghiss,  is  similar 
to  that  of  a  very  \i8C0U8,  inelastic  liquid.  Solids  are  gi*nerally 
tlaarified  as  crystalline  or  amarphom.  In  crystalline  solids  the 
molecules  are  supposed  to  be  arranged  in  some  definite  order,  this 
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arrangement  manifestuig  iUelf  iu  the  crystal  form.  An  amor- 
phous solid  on  the  other  liand  may  lje  coiisidored  as  a  liquid 
possessing  great  viscosity  und  maall  elasticity.  The  physical 
properties  of  amorphous  solids  have  the  same  values  in  all  direc- 
tions, whereas  in  crystalHne  solids  the  values  of  these  properties 
may  be  different  in  different  directions.  When  an  amorphous 
solid  is  heated  it  gradually  softens  and  eventually  acquires  the 
properties  characteristic  of  a  hquid,  but  during  the  process  of  heat- 
ing there  is  no  definite  point  of  transition  from  the  soUd  to  the 
liquid  state.  On  the  other  hand^  when  a  crystalline  solid  is 
heated  there  is  a  sharp  change  from  one  state  to  the  other  at  a 
deEuite  temperature,  this  temperature  being  termed  the  rndti 
poini. 

Crystallography.  The  study  of  the  definite  geometricjil  forms 
aasmned  by  crj'stalline  soUds  is  termed  crystallograpky.  The 
number  of  crystalUnc  forms  known  is  exceedingly  large,  but  it  is 
possible  to  reduce  the  many  varieties  to  a  few  classes  or  systems 
by  referring  their  principal  elements  —  the  planes  —  to  definite 
lines  called  axes.  These  axes  are  so  drawn  within  the  crj'stal  that 
the  crystal  surfaces  are  symmetrically  arranged  about  them. 
This  system  of  classification  was  proposed  by  Weiss  in  1809. 
He  showed  that  notwitlistanding  the  multiplicity  of  crystal  forms 
encountereti  in  nature,  it  is  possible  to  consider  them  as  belonging 
to  one  of  six  systems  of  crj'staUization. 

The  six  systems  of  Weiss  are  as  follows:  — 

1.  The  Regular  System,  Three  axe-«i  of  equal  length,  inter- 
secting each  other  at  right  angles  (Fig.  41). 

2.  The  Telrag&nal  System.  Two  axes  of  equal  length  and  the 
third  axis  either  longer  or  shorter,  all  three  axes  intersecting  at 
right  angles  (Fig.  42). 

3.  The  Hezagotial  System.  Three  axes  of  equal  length,  all  io 
the  same  plane  urid  intersecting  at  angles  of  60°,  and  a  fourth  axis, 
either  longer  or  shorter  and  i)er[)endicular  to  the  plane  of  the 
other  three  (Fig.  43). 

4.  The  Rhombic  System.    Three  axes  of  unequal  length 
intersecting  each  other  at  right  angles  (Fig.  44). 
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5.  The  Moncdtnic  System.  Three  axes  of  unequal  length,  two 
f>f  which  intersect  at  right  angles,  while  the  third  axis  is  per- 
pendicular to  one  and  not  to  the  other  (Fig.  45). 

6.  The  Tridinic  System.  Three  axes  of  unequal  length  no  two 
of  which  intersect  at  right  angles  (Fig.  46). 

The  poBition  of  a  plane  in  spact;  is  determined  by  three  points 
in  a  system  of  coordinates,  and  consequently  the  position  of  the 
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face  of  a  crystal  is  likewise  determined  by  its  points  of  inter- 
section with  the  three  axes,  or  by  the  distances  from  the  origin 
rf  the  system  of  coiirdinates  at  which  the  plane  of  the  crystal 
fcoe  intersects  the  three  axes.  These  distances  are  called  the 
parameters  of  the  plane. 
The  fundamental  law  of  crystallography  discovered  by  Steno 
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in  1669  may  bo  stated  thus:  —  The  angle  between  two  gioen  crystcd 
faces  is  always  tkc  savte  for  the  same  substance.  The  fact  that 
every  crystalline  substance  is  characterized  by  a  constant  inter- 
facial  angle,  affords  a  valuable  means  of  identification  which  is 
used  by  both  chemists  and  mineralogists.  Tlie  instrument  em- 
ployed for  the  measui-einent  of  the  intcrfacial  angles  of  crjrstals  is 
called  a  goniometej-.  Tlie  cr>T*tal  to  l>p  measured  Is  mounted  at 
the  center  of  the  grarliiatod  circular  table  of  the  goniometer,  and 
the  image  of  an  illuminated  slit,  reflected  from  one  surface  of  the 
cr>^tal,  is  brought  into  coincidence  with  the  cross-w-ires  in  the  eye- 
piece of  the  telescope.  The  tabic  is  then  turned  until  the  image 
of  the  slit,  reflected  from  the  adjacent  face  of  the  crystal,  coincides 
with  the  cross-wires.  The  intcrfacial  angle  of  the  cryst&l  is  de- 
termined by  the  number  of  degrees  through  which  the  table  hiie 
been  turned. 

Properties  of  Crystals,  The  properties  of  all  c;r\'stals,  except 
those  belonging  to  the  regular  sj*stcni,  exhibit  differences  depend- 
ent upon  the  direction  in  which  the  particular  measurements 
are  made.  Thus  tlic  elasticity,  the  thermal  and  electrical  con- 
ductivities, and  in  fact  all  of  the  physical  propeiliiis  of  crystals 
which  do  not  belong  to  the  regular  sj'stem,  have  different  values 
in  different  directions.  OyslaLi  whose  physical  properties  have 
the  same  values  in  all  directions  arc  termed  isotropic,  wiiilc  those 
in  which  the  values  are  dependent  upon  the  direction  in  which 
the  measurements  are  made,  are  called  anisotropic.  Crystals 
belonging  to  the  regular  system,  and  amorphous  substances  are 
isotropic.  Certain  amorphous  substances,  such  as  glass,  which 
are  nonnally  isotropic,  may  become  anisotropic  when  subjected 
to  tension  or  compression.  The  phenomenon  of  double  refrac- 
tion observed  in  all  crj-stals,  except  those  belonging  to  the  regular 
system,  ts  due  to  their  anisotropic  character.  Crj'stals  belonging 
to  the  tetragonal  and  hexagonal  systems  resemble  ejich  other  in 
one  re8i)et:t,  viz.:  that  in  all  of  them  there  is  one  direction,  called 
the  optic  axis,  or  axis  of  double  refraction  (coincident  Avith  the  prin- 
cipal crystJiUographic  axis),  along  which  a  ray  of  light  is  singly 
refracted,  wliile  in  all  other  directions  it  is  doubly  refracted.  In 
crystals  belonging  to  the  rhombic,  monoclinic,  and  tricUnic  systems, 
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there  are  always  two  dirertions  along  which  a  ray  of  HRht  is  singly 
refracted.  A  crystal  of  Iceland  spar  (CaCOa)  affords  a  beauti- 
ful illustration  of  double  refraction.  On  placing  a  rhomb  of  this 
substance  over  a  piece  of  white  paper  on  which  there  ia  an  ink 
spot,  two  spots  will  iie  seen.  On  turning  the  crynta.],  one  spot  will 
remain  stationary  while  the  other  spot  will  revolve  about  it.  This 
property  of  Iceland  spar  is  utilized  in  the  construction  of  Nicol 
pnsms  for  polariscopes. 

The  examination  of  sections  of  anisotropic  crystals  in  a  [>ulari- 
scope  between  cr(»ised  Nicol  pri.Mms,  reveals  something  as  to  their 
o^irtal  form.  As  has  been  staled,  crystals  of  the  tetragonal  and 
hexagonal  systems  are  uniaxial.  If  a  section  is  cut  from  such  a 
crystal  per[xnidicular  to  the  optic  axis,  and  this  is  placed  between 
the  crossed  Nicol  prisms  of  a  polariscopc,  iu  a  convergent  beam 
of  white  light,  a  dark  cross  and  concentric,  spectral-coloi-ed  circles 
win  be  observed,  Fig.  47.  Upon  turning  the  analyzer  through 
W  the  colors  of  the  circles  will  change  to  the  respective  comple- 
mentary colors  and  the  dark  cross  will  become  light.  Crystals 
of  the  rhombic,  monoclinic,  and  triclinic  systems  are  biaxial.  If 
ft  section  of  a  biaxial  crj'stal,  cut  perpendicular  to  the  line  bisect- 
ing the  angle  between  the  two  axes,  be  placed  in  the  polariscope 


Fig.  46. 
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uu)  examined  as  in  the  preceding  case,  a  .series  of  concGntrio 
spectral -colored  lemniscates  surrourniing  two  dark  centers  and 
inerced  by  dark,  hyiwrbolic  brushe^i,  will  Ix^  obstirved,  as  shown  in 
Fig.  48.  On  rotating  the  analyzer,  the  colors  will  change  to  the 
tomsponding  complomentary  coloi-s,  ai^  in  the  case  of  uniaxial 
crystals.  The  appearance  of  these  figures  is  so  varied  and  cha- 
racteristic as  to  furnish,  iji  many  cases,  a  very  satisfactory  means 
of  identifying  anisotropic  crystals. 
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Etch  Figures.  The  solubility  of  crystals  has  been  shown ' 
be  different  in  different  directions.  Thus,  if  the  surface  of  a  crys- 
talline substance  be  highly  polished  and  then  treated  for  a  short 
time  with  a  suitable  solvent,  faint  patterns,  known  as  etch  figures, 
will  appear  as  a  result  of  the  inecjuality  of  the  rate  of  solution  in 
different  directions.  When  these  figures  are  examined  under  the 
microscope  the  erystal-forrn  can  generally  be  determined.  The 
examination  of  etch  figures  has  come  to  be  of  prime  importance 
to  the  mctallographcn  Thus,  when  an  appropriate  solvent  is 
applied  to  the  polished  surface  of  an  alloy,  not  only  is  the  crystal 
form  revealed  by  the  etch  figures,  but  also  the  presence  of  various 
chemical  compounds  may  be  recognized.  By  a  careful  study 
of  the  etch  figures  developed  on  the  surface  of  highly  polished 
steel,  the  mctaliographer  may  gather  imiM>rtant  information  as  to 
its  previous  history,  es[)ecially  its  heat  treatment- 

Crystal  Form  and  Chemical  Composition.  From  the  pre- 
ceding paragraphs  it  might  be  inferred  tlmt  the  siune  substance 
always  assumes  the  same  crj'stal  form.  Wliile  this  is  true 
in  general,  there  are  some  substances  which  apjiear  in  several 
different  crystal  forms.  This  phenomenon  is  termed  polymor- 
phism. 

Calcium  carlwnate  is  an  example  of  a  substance  crystallizing  in 
more  than  one  form.  As  caleite,  it  crj-stallizes  in  the  hejcagonal 
system,  while  as  aragonite,  it  crystallizes  in  the  rhombic  systein. 
Such  a  substance  is  said  to  be  ditnorphotis.  Of  the  several  foctora 
controlling  polymorphism,  temperature  is  the  most  important. 
Thus  sulphur  (TystallisHis  at  temperatures  above  95°.6  in  tbe  mon- 
oclinic  .system,  while  at  lower  temperatures  it  assumes  the 
rhombic  form.  The  temperature  at  which  it  changes  from  one 
form  into  tbe  other  is  termed  its  transition  temperature.  As  has 
Xtet'in  mentione4l  in  an  cjirlitT  chapter  (p.  14),  some  substances 
may  crystallize  in  the  same  form,  the  charact*^ristic  inte.rfaeial 
angles  being  nearly  identical.  Such  substances  are  said  to  lie  i«o- 
morphous.  This  phenomenon,  discovered  by  Mitscherlteh,  has 
been  nf  great  use  in  connection  with  the  earlier  investigations  on 
atomic  weights,  as  has  already  been  pointed  out. 

There  con  be  tittle  doubt  as  to  the  existence  of  on  intimate 
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connection  botwccn  crj'stalline  form  and  chemical  coiai>oaition. 
Ever  since  the  cjirly  part  of  the  nineteenth  century,  when  Hauy 
wt&[)lL'Uied  the  science  of  crystallography,  varioufi  attempts  have 
twen  made  by  chemists  and  crystaUographers  to  connect  crystal- 
liiw  form  with  chemical  constitution.  In  19()(},  Barlow  and  Pope  • 
Diade  a  most  notable  contribution  to  the  tticories  concerning  the 
ration  between  crj^atalUne  form  and  chemical  constitution. 
Tbftir  ideas  may  be  sunmiarized  as  follows:  —  If  each  atom  be 
coa'ddered  a«  ttpproj>riatiiig  a  certain  spaci»,  calleil  its  sphere  of 
Atomic  influence,  then  (I)  the  apkerett  oj  atomic  injluence  are  so 
tmanged  an  to  occupy  the  Rnialleat  poHttible  volume  in  every  crystal; 
(2)  the  volumes  of  the  spheres  of  atomic  influence  in  any  substance 
itre  proportional  to  the  vatt-nces  of  the  constituent  atoms;  (3)  the 
volumes  of  the  spheres  of  influence  of  the  atoms  of  different  elements 
(jf  the  same  valeiice  are  nearly  equal,  any  variation  being  in  har- 
mony with  their  relations  in  the  periodic  system.  Barlow  and  Pope 
have  shown  that  the  general  agreement  between  theory  and 
obsHvation  is  most  satisfactory,  a  particularly  strong  argument 
in  favor  of  this  thcorj'  being  the  very  plausible  explanation  which 
il  furnishes  for  a  large  number  of  crj'stallograpliic  facts.  It  is 
without  doubt  the  }xs*t  working  hypothesis  which  has  yet  been 
offered  for  the  investigation  of  the  dependence  of  crystalline  form 
upon  a  definite  chemical  constitution. 

Compressibilities  of  the  Solid  Elements.  A  series  of  careful 
nteasureinents  of  the  compressibilities  of  the  eleinent.s  by  T.  W. 
fiichards  and  his  collaborators,!  has  reveuletl  the  fact  that  com- 
prcasibiUty  is  a  periodic  function  of  atomic  weight.  Richards 
ito  advanocf]  some  interesting  sii^t;stions  as  to  the  importance 
of  compressibility  in  connection  with  inleruioleculur  cohesion 
and  atomic  volume.  In  fact,  lliclutrds'  theory  of  compressible 
itotos  may  be  regarded  as  a  valuable  supplement  to  the  the- 
ory of  Barlow  and  Pope  and,  taken  together,  the^se  two  theories 
<»nalitute  a  rational  basis  for  the  science  of  chemical  crystallog- 
raphy. 

X-Rays  and  Crystal  Structure.     In  1912,  Laue  pointed  out 

•  Jour.  Chem.  Sue.  91,  1150  (IW7). 

t  Zcit.  pbyB.  Chcm.,  61,  77,  1W>,  171,  183  (1908). 
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that  the  repiilarly  amingc<l  iitonis  or  inolrculp}--  nf  n  crystal  should 
act  as  a  tlirc*c-dirncnsioiial  diffr:it;tioii  grntin^  toward  the  X-rays. 
He  showed  mathematically  that  on  traversing  a  thin  section  of  a 
co^^a!,  a  pencil  of  X-rnys  should  give  risp  to  a  diffraction  pattern 
arranged  symmetrically  round  the  priniaiy*  beam  as  a  center.  A 
photographic  plate  place<l  perpendicular  to  the  path  of  the  rays 
and  behind  the  cr>'stal  should  reveal,  on  development^  a  central 
spot  due  to  the  action  of  the  primary  raj's,  and  a  series  of  symmetri- 
cally grouped  spots  due  to  the  diffracted  rays. 

Laue's  pi-edietions  were  verified  cxixTimcntally  by  Friedrich 
and  Knipping,  who  obtained  numerous  pEalcs  sliowing  a  vari- 
ety of  geometrical  patteiTis  corresponding  to  the  structural  dif- 
ferences of  the  rrj'stals  exarninot.  Thf*  analysis  of  the  Laue 
diffraction  patterns,  while  furnishmg  valuable  information  as  to 
the  internal  structure  of  crystals,  is  nevertheleaa  extremely 
complex. 

W.  H.  Briigg  and  his  son  W.  L.  Bragg  *  have  devised  an  X-ray 
spcctronketer  in  which  use  is  made  of  the  fact  that  the  regularly 
spaced  atoms  of  a  crystal  reflect  the?  X-rays  in  much  the  same  way 
that  light  is  reflected  (diffracted)  by  a  plane  gi'uting.  By  observing 
the  angles  of  reflection  from  the  different  faces  of  a  crystal  for  an 
incident  radiation  of  known  wave-length,  it  is  an  easy  matter  to 
calculate  the  dist-ancos  between  the  atoms  of  the  crystal  which 
function  as  diffraction  centers. 

By  rncjins  of  the  X-ray  spretrometer  the  internal  structure  of  a 
number  of  crystak  has  been  determined.  One  of  the  most  in- 
teresting results  to  the  chemist  is  that  obtained  with  the  diamond. 
The  X-ray  spectra  of  the  diamond  revejil  the  fact  tliat  each  carbon 
atom  is  6iluute<l  at  the  cent<^r  of  a  regular  tetrahedron  formed  by 
four  other  carbon  atoms. 

In  conunenting  on  this  method  of  studying  crystal  structure, 
W.  H.  Bragg  says;  —  "Instead  of  guessing  the  internal  arrange- 
ment of  the  atoms  from  the  outward  form  assumed  by  the  crystal, 
we  find  oui-selves  able  to  measure  the  actual  distances  from  atom 
to  atom  and  to  draw  a  diagram  as  if  we  were  making  a  plan  of  a  . 
building." 
•  See  "X-Raya  and  Cryat&I  Structure"  by  W.  H.  Bragg  und  W.  L. : 


Heat  Capacity  of  Solids.  Recent  investigations  of  spocific 
beats  of  solitlH  at  exircnioly  low  tenipf  rat  urns  have  resulte<i  in 
the  formuJation  of  several  interesting  reIation.shi|Xi  between  heat 
fapacity  and  temperature. 

At  ordinary  temperatures  the  molocules  of  a  crystalline  solid 
may  be  assumed  to  be  in  a  state  of  violent,  unordered  motion.  As 
the  temperature  is  lowered,  the  amplitude  of  the  molecular  oscil- 
lations steadily  diminishes  until  finally,  at  the  alwolute  zero,  there 
is  in  all  probability  a  complete  cessation  of  motion.  In  the  neigh- 
borhood of  the  absolute  zero,  where  the  amplitude  of  the  molecular 
flKiUation.s  is  neglipihle,  a  crystalline  solid  may  be  assumed  to 
pDflBoaB  the  properties  characteristic  of  a  perfectly  elastic  bo<ly. 
In  other  words,  the  crystalline  forces  holding  the  molecules  to- 
gether would  preponderate  over  the  feeble  thennal  forces  tending 
to  initiate  molecular  oscillations  within  the  solid.  Under  these 
cooditioiis  the  solid  as  a  whole  would  exhibit  the  same  behavior  as 
a  angle  molceiile,  that  is  to  say,  the  solid  would  function  as  a 
perfectly  elastic  Ixjdy. 

On  this  assumption  Dcbyc  •  has  derived  the  following  equation 
eipreasing  the  heat  capacity  of  a  solid,  Cc.  in  terms  of  its  absolute 
tanperature  T, 

a  =  7i.9^. 

In  this  equation  $  is  a  constant  characteristic  of  each  solid  and  has 
the  same  dimensions  as  T.  The  valiic  of  6  varies  between  the 
limits  0  —  5i)  for  calcium  and  d  =  1840  for  carbon.  The  agree- 
ment between  the  observed  and  c^lfulat^  values  of  C  has  been 
found  to  l>e  excellent  up  to  T  =  ^12. 

When  this  latter  temperatiu'c  is  exceeded,  the  molecules  of  the 
aolid  begin  to  absorb  more  and  more  heat  onerg>-  antl  to  viVirate 
independently  at>out  their  centers  of  OMcillalion.  The  failure  of 
IVbye's  equation  is  to  be  expect^ti  under  these  conditions  since 
the  solid  is  no  longer  Wiaving  as  one  large  molecule.  Obviously 
the  lighter  the  molecules  and  the  greater  the  crystalUne  forces 
wHhin  the  solid,  the  higher  must  the  temperature  become  before 

•  Ann.  Physik..  3»,  789  (1912). 
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the  individual  molecules  can  acquire  appreciable  kinetic  cnerKv. 
Thi»  is  apparent  from  the  familifu*  dynjuiiical  principle,  that  the 
kinetic  energy  of  a  vibrating  particle  is  proportional  to  its  must 
and  to  the  square  of  its  vibration  fre*|uency.  In  tlu?  case  of  Icatl, 
wliich  is  a  soft,  malkyible  solid  with  a  relatively  low  meJting  poitit, 
it  IB  reasonable  to  infer  that  the  crystAlline  forces  are  feeble,  and 
consequently  we  should  expect  that  molecular  and  atomic  vibra* 
tiong  would  be  set  up  at  quite  low  temperatures.  Furlhennorc, 
since  the  aton:is  of  lead  arc  extremely  heavy,  their  kinetic  cuerEj 
must  be  great.  The  correctness  of  these  conclusions  is  confirmed 
by  the  fact  that  the  Dcbye  equation  when  applied  to  lead  has  been 
found  to  hohl  only  over  a  very  short  range  of  temperature.  Oo 
the  other  hand,  the  equation  has  been  found  to  hold  for  thi; 
diamond  up  to  a  temperature  of  about  200°  aljsolute.  In  this 
case  we  Imve  a  solid  in  which  the  erj'stalline  forces  are  extremely 
powerful  and  in  which  the  atoms  are  relatively  light.  A  fairly 
high  twnperatiire  must  be  attained  Ix-fon?  the  ener^  absorbed 
by  the  individual  atoms  of  the  diamond  acquires  appreciable 
magnitude. 

The  absorption  of  energy  by  the  vibrating  molecules  continues 
to  increase  as  the  temperature  is  raised  until  ullimutely,  at  the 
melting  point  of  the  solid,  the  crystalline  forces  become  negligible. 
As  this  teniperal  lutj  is  approachwl  therefore,  the  intennoleni- 
lar  restraint  becomes  leas  and  \eHs  and  the  mean  kinetic  energy 
of  the  molecules  approaches  that  of  the  molecules  of  the  molten 
solid. 

As  lias  already  been  stated  in  Chapter  I  (p.  11),  Dulong  and 
Petit,  in  1819,  discovered  tlie  interesting  fact  that  the  atomic  heata 
of  the  soUd  elements  Imve  a  constant  value  of  6.5.  The  importanoe 
of  this  generalization  in  connection  with  the  vcriGcation  of  atomic 
weights  has  already  been  pointed  out.  Quite  recently,  Lewis  * 
hao  directed  attention  to  the  fact  that  it  ts  much  more  rational  to 
calculate  the  atomic  heat  of  an  element  from  the  specific  heat  at 
coostant  volume  rather  than  from  the  specific  lieat  at  conKtanl 
pressure.  Wliile  it  is  impossible  to  measure  the  specific  heat  at 
constant  volume,  it«  value  may  be  dcrive<|  from  Ihe  specific  heat 
*  Jour.  Am.  Chem.  Soc..  29,  1165  (1007). 


where  T  denotes  the  absolute  temperature,  a  the  coefficient  of 
expansion,  &  the  coefficient  of  conipressibility,  C^  nrul  C  the 
atomic  specific  heat-s  at  constant  pressure  ami  cori-staiit  volume 
re^jectivcly  and  V  the  atomic  volume.  By  nicjins  of  this  equa- 
tion. I^wis  has  esl-ablished  the  followinj;  generalization:  —  Within 
the  limits  of  experimental  error,  Uie  atomic  hi'til  tU  a/iiJitant  volume, 
tU  20"*  C,  is  the  siimr-  for  nil  solid  elertieidn  whosp.  atontic  weighLs  are 
greater  than  thai  of  piMiissium,  and  in  eqwd  to  n.9.  In  the  case  of  a 
solid  having  u  high  melting  point,  the  violent  agitation  of  it^  con- 
stituent molecules  and  aloins  as  the  temperature  i.s  raised,  will 
uudoul)tedly  produce  a  conei*i)oiiding  incre-ase  in  the  amplitude  of 
vibration  of  its  electrons  together  with  an  increase  in  their  tran:^ 
lational  velocity  among  the  molecuU^.  Under  the^^e  conditions, 
the  specific  heat  at  constant  volume  should  l>e  greater  tliati  5.ft 
calories.  This  conclusion  cannot  be  verified  experiment.ally  until 
the  values  of  a  and  &  iu  the  foregoing  equation  have  been  deter- 
mined at  liiph  temperatures, 

The  complete  heat  capacity  curves  for  three  typical  sohd  ele- 
ments, lead,  aluminium,  and  carbon,  are  given  in  Fig.  43.  It  is 
apparent  from  these  curves  that  the  absorption  of  heat  energy  by 
a  crystalline  solid  may  be  considei-ed  as  taking  place  in  three  dis- 
tinct stages,  as  follows:  —  (1)  In  the  neighlxtrhood  of  the  abso- 
lute aero,  the  heat  capacity  remains  practically  zero;  (2)  the  heat 
capacity  increases  rapidly  with  the  temperature;  and  (3)  the  heat 
capacity  increases  slowly,  approaching  asymptotically  the  limiting 
value  5.9  for  T  =  oo.  For  a  malleable,  low  melting  element  of 
high  atomic  weight,  such  as  lead,  the  first  two  stages  are  very 
short  and  the  final  stage  commences  at  a  low  temperature.  On 
the  contrary,  with  a  hard,  high  melting  element  of  low  atomic 
weight,  such  as  carbon  in  the  form  of  diamond,  the  final  stage  is 
not  reached  at  any  teni[3erature  within  the  range  covered  by  the 
experiments. 


H 


The  Nemst-Lindemann  Equation.  Recently,  several  equa- 
tions liave  been  derived  expressing  the  heat  capacity  of  a  solid  in 
tenns  of  temperature  and  arbitrary  constants.  All  of  these 
equations  are  based  upon  the  so-called  "quantum  theory  "  accord- 
ing to  wliich  the  ab^iOrpLion  of  heat  energy  by  matter  is  supposed 
to  take  pla(!e  in  a  discontinuous  manner,  the  discrete  units  of 
energj*  being  termed  quanta.  While  the  discussion  of  the  quantum 
theory  and  the  equations  connecting  heat  capacity  and  tempera- 
ture lies  outside  of  the  scope  of  this  book,  mention  £hould  never- 
theless be  made  of  the  empirical  equation  derived  by  Nernst  and 
Lindemann.*    This  equation  gives  values  of  C\  which  are  in  re- 
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Fig.  49. 


markably  close  agreement  with  the  values  determined  by  direct 
experiment.    The  equation  may  be  written  in  the  following  form:  — 


c.  =  |« 


(IP .  (# 


In  this  expression,  R  is  the  molecular  gas  constant  R  =  2  calories, 
e  is  the  base  of  the  natural  8>%tem  of  logarithms  and  ^  is  a  constant 
depending  upon  the  nature  of  the  solid. 

•  Zeit.  Elcktrocbem.,  17,  817  (1911). 
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The  value  of  $  may  be  calculated  with  a  fair  degree  of  accuracy 
by  means  of  the  equation 


^  -  -<^)*  & 


10  which  T/  denotos  the  absolute  melting  poiut^of  the  substance, 
A  its  atomic  weight  and  d  its  density. 

Liquid  Crystals.  In  addition  to  possessing  well-defined  geo- 
metrical forms,  ci-ystalline  substances  are  ehai-acterized  by  their 
reeistanco  to  deformatiou  when  subjected  to  mechanical  fitress, 
and  by  the  properly  of  melting  sharply  at  definite  temperatures 
with  the  production  of  transparent  liquids. 

In  1888,  two  substances,  cholester>'l  acetate  and  cholcsteryl 
benzoate,  were  found  by  Reiuitzer*  to  behave  in  an  anomalous 
manner  when  heated.  At  definite  temperatures  these  substances 
mdted  to  turbid  liquids  which,  in  turn,  became  clear  on  further 
heating,  the  latter  chjinge  also  taking  place  at  definite  tempera- 
tiires.  On  cooling  the  clear  liquids,  the  reverse  series  of  changes 
was  found  to  occur. 

Examination  of  the  turbid  liquids  revealed  the  fact  that  they 
resembled  ordinary  hquids  in  their  general  behavior,  such  as  assum- 
ing the  spherical  shape  when  saspended  in  a  medium  of  the  same 
density,  or  of  rising  in  a  capillary  tube  under  the  influence  of  sur- 
face tension.  But  in  addition  to  possessing  the  properties  char- 
acteristic of  the  Uquid  state,  Lchmami  discovered  that  they 
possessed  optical  projwrties  which  iiad  hitherto  been  observed 
only  with  solid,  crystalline  siilxstaneea.  Their  behavior  towards 
polarized  light  was  such  as  to  warrant  the  conclusion  that  these 
turbid  liquids  are  anisotropic.  In  view  of  these  facts,  Lehmann 
proposed  tliat  hcpiids  ixwsessing  these  prapertles  should  be  called 
liquid  cryfdals,  the  term  imjilying  that  under  ordinary  condi- 
tions, the  crystalline  force-s  in  these  substances  are  so  feeble  that 
the  crj'stals  readily  undergo  rlcfonnalion  and  actually  flow  like 
liquids.  That  the.se  turbid  liquids  are  not  emulsions,  is  proven 
by  the  fact  that  when  they  are  examined  under  the  micro- 
BCopc,  the  turbidity  is  found  to  l)e  due  to  the  aggregation  of  a 

•  Montttahefte,  »,  435  (ISSS), 
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myriad  of  differently  oriented  transparent  crystala.  All  subse- 
quent investigation  of  liquid  crystals  has  failed  to  show  any  lack 
of  homogeneity. 

The  mmiber  of  such  substances  known  at  the  present  time  is 
fairly  large. 


SOLUTIONS. 

Classification  of  Solutions.  Having  dealt  with  the  properties 
of  pure  substances  in  the  g.Hseous,  liquid  and  solid  states  we  now 
proceed  to  the  considerHtion  of  the  propt^rties  of  mixtures  of  two 
or  more  pure  subsUinces.  When  such  ti  mixture  is  chemically 
and  ph>-sically  homogeneous,  and  no  abrupt  change  in  its  prop- 
erties results  from  an  alteration  of  the  proportions  of  tlie  eom- 
pooents  of  the  mixture,  it  is  termed  a  sohUion.  When  one 
sibetance  is  dissolved  in  another,  it  is  customary  to  designate  as 
thew)frerU  that  component  which  is  present  in  the  lai^cr  proportion, 
the  other  component  being  tenned  the  soluk.  When  not  more 
tiun  one-tenth  raol  of  solute  is  present  in  one  liter  of  solution,  the 
*)Iutioa  is  said  to  be  dilute.  The  detailed  study  of  dilute  solu- 
tions ftill  be  deferred  until  the  next  chapter. 
Tbere  are  nine  possible  classes  of  solutions,  as  follows:  — 

(1)  Solution  of  gas  in  gas; 

(2)  Solution  of  liquid  in  gas; 

(3)  Solution  of  solid  in  gas; 
('I)  Solution  of  gas  in  liquid; 

(5)  Solution  of  liquid  in  liquid; 

(6)  Solution  of  solid  in  litiuid; 

(7)  Solution  of  gas  in  solid; 

(8)  Solution  of  liquid  in  solid; 

(9)  Solution  of  solid  in  Holid. 

While  examples  of  all  of  these  different  types  of  solutions  areknown, 
oftJy  the  more  importimt  classes  will  he  considcrod  here. 

Solutions  of  Gases  in  Gases.  In  solutions  of  this  class  the 
components  may  1"-  prcrif-nt  in  any  pmpnrtions,  since  gases  arc 
completely  miscihic.  In  a  mixture  of  gases  where  no  chemical 
action  occure,  each  gas  behaves  independently,  the  properties  of 
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the  goseoiis  mixture  hring  the  sum  of  the  properties  of  thi 
stituenU.  Thus,  Uie  tolal  preasure  of  a  mixlure  of  sei'eral  gi 
eqxud  to  (he  sum  of  the  prvssureif  which  fiorA  gas  would  exert  t 
aloTte  present  in  Ihv  voluuw  occupied  by  the  mixture.  This  la} 
discovered  by  Dalttm  *  and  is  know-n  as  Dalton's  law  of  j 
pressures.  If  the  partial  pressures  of  the  couKtituent  gai 
denoted  by  pi,  pi,  p»,  etc.,  and  P  and  V  represent  the  total 
sure  and  the  total  volume  of  the  gaseous  mixture,  then       . 

Pr  -  V  (p,  +  p,  +  p,  +  .  ,  ,  ). 

Dalton's  law  holds  when  the  partial  pressures  are  not  too 

its  order  of  validity  being  th« 
as  that  of  the  other  gu^  laws, 
ton's  law  can  be  tfsteti  expei 
tally  by  comparing  the  total  pr 
of  the  gases  with  the  sum  of  tb 
suros  exerted  by  each  gas 
mixture.  Van't  Hoff  points 
the  possibility  of  measuring  th 
tinl  pressure  of  one  of  the  tw< 
ponents  of  a  gas  mixture,  pw 
a  diaphragm  could  be  found 
would  be  pervious  to  one  it 
gases  but  not  to  the  other.  \ 
shown  shortly  afterward  by 
say.t  that  the  walls  of  a  va 
palladium,  when  sufficiently  h 
pennit  the  free  passage  of  hyi 
but  not  of  nitrogen.  The  w4 
A  sketch  of  the  apparatus  u| 
Ramsay  in  the  verification  of  Dalton's  law  is  shown  in  P 
A  small  vessel  of  palladium,  P,  containing  nitrogen,  is  conl 
with  a  manometer -4B,  which  6cr\'es  to  measure  the  pressura 
gas  in  P.  The  vessel  P  is  enclosed  within  a  larger  vessel  C, 
can  be  filled  with  hydrogen  at  known  pressure.    On  heating 

•  Gilb.  Ann.,  is,  385  flS02). 
t  rtul.  Mug.  (5),  38,  206  (1894). 
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ig  a  eurrpnt  of  hydrogen  at  a  definite  prejsure  througli  C,  the 
lydrogeu  enters  P  until  the  projwures  due  to  hydrogen  inside  and 
outaadc  are  equal.    The  total  preHsure  in  P,  rneasui^ed  on  the 
manometer,  -is  greater  than  the  pressure  in   C.     The  difference 
Wlween  the  two  pressures  Is  very  nearly  equal  to  tiie  partial  pres- 
sure of  the  nitrogen.     Conversely,  if  a  niLxture  of  the  two  gnses 
be  introdueed  into  P,  which  is  then  heateti  and  maintained  at  suf- 
ficiently high  temperature  to  insure  its  permeability  to  hydrogen, 
the  partial  pressure  of  the  nitrogen  can  be  determined  by  passing 
a  current  of  hythxjgen  at  known  pressure  through  C  until  equilib- 
rium is  attained,  as  shuwn  by  the  manometer.     The  (.UfFerence 
betu'een  the  external  anil  interna!  pressures  is  the  partial  pi^essure 
(jf  the  nitrogen.     This  e,xperinient  haa  a  very  important  bearing 
upon  the  modern  theory  of  solution. 

Solutions  of  Gases  in  Liquids.  The  solubility  of  gases  in 
liquids  is  Hniited,  the  extent  to  which  they  dissolve  depending 
upon  the  pressure,  the  temperature,  the  mtturc  of  the  gas,  and 
the  nature  of  the  solvent.  When  a  liquid  cannot  absorb  any 
more  of  a  gas  at  a  definite  temperature,  it  is  said  to  be  saturated, 
and  the  solution  is  called  a  saiuraUd  solulion.  The  sulubihty  of 
a  gas  in  a  liquid  is  defined  by  Ostwald  as  the  ratio  of  the  volume 
of  the  gas  absorbed  to  the  volume  of  the  absorbinR  liquid  at  a 
specified  temperature  and  pressure,  or  if  the  solubility  of  the  gas 
be  represented  by  S,  we  have 

S  =  v/V, 

where  v  is  the  volume  of  gas  absorbed  and  V  is  the  volume  of  the 
Absorbing  liciuid.  The  "al>sorption  coefficient"  of  Bunsen  in 
tmua  of  which  he  expressed  the  results  of  his  measurements  of 
Uie  solubility  of  gases,  may  be  de&ned  as  the  volume  of  a  gas, 
reduced  to  0°  C.  and  76  cm.  pressure  which  is  absorbed  by  unit 
volume  of  a  liquid  at  a  certain  temperature  and  under  a  pressure 
of  76  cm.  of  mercury.  In  certain  cases  the  volume  of  the  gas 
absorbed  is  found  to  be  independent  of  the  pressure,  ho  that  if  a 
is  the  coefficient  of  gaseous  expansion,  and  ^  Bunsen's  coefficient 
(jf  absorption,  then 
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The  solubilities  of  a  few  gases  in  water  and  alcohol  as  detennined 
by  Buusen  are  given  in  the  following  table:  — 


Gu. 

Wat«r. 

AloohoL 

0" 

15* 

0* 

IS' 

Hydrogen 

Oxygen 

Carbon  dioxide 

0.0215 

0.0489 
1.797 

0.0190 
0.0342 
0.1002 

0.0693 
0.2337 
4.330 

0.0673 
O.VXfll 
3.190 

The  solubility  of  gases  in  water  is  appreciably  diminished  by 
the  presence  of  dissolved  solids  or  liquids,  especially  electrolytes. 
Various  theories  have  been  proposed  to  account  for  the  diminished 
solubility  of  gases  in  salt  solutions  but  the  most  sati^actory  to 
that  due  to  Philip,*  who  su^ests  that  the  phenomenon  is  caused 
by  the  hydration  of  the  dissolvetl  salt.  A  portion  of  the  wattt 
in  the  salt  solution  is  supposed  to  be  in  combination  with  the  salt, 
the  water  which  is  thus  removed  from  the  role  of  solvent,  being 
no  longer  free  to  absorb  gas.  The  solubility  of  a  gas  increases 
with  increase  in  j^ressure.  For  gases  which  do  not  react  chem- 
ically with  the  solvent,  there  exists  a  simple  relation  between 
pressure  and  solubility,  discovered  by  Henry.f  This  relation, 
known  as  Henry* s  law  may  be  stated  as  follows:  —  When  a  gas  U 
absorbed  in  a  liquid,  the  weight  dissolved  is  proportional  to  the  pressure 
of  the  gas.  Since  pressure  and  volume,  at  constant  temperature, 
are  uxversely  proportional  (Boyle's  law),  the  law  of  Henry  may  be 
stated  thus:  —  The  volume  of  a  gas  absorbed  by  a  given  volume  of 
liquid  is  independent  of  the  pressure.  There  is  yet  another  form 
in  which  the  law  may  be  stated  which  is  instructive  in  connection 
with  the  modem  theory  of  solution.  When  a  definite  volume  of 
liquid  is  saturate<l  with  a  gas  at  constant  temperature  and  pres- 
sure, a  condition  of  e{iuilil)rium  is  established  between  the  gas  in 
solution  and  that  in  thv.  free  spaee  over  the  solution,  therefore, 
Henry's  law  may  be  stated  tis  follows: —  The  concentration  of  the 
dissolved  gas  is  directly  proportional  to  that  in  the  free  space  above 

*  Trans.  Faraday  Soc.,  3,  140  (1907). 
t  Gilb.  Ann.,  ao,  147  (1805). 


SOLUTIONS 

the  liquid,  tf  ci  repre»fixUi  the  coni'en  I  ration  uf  the  gas  in  the 
li<|uid  auti  c-  tbf  ronrentration  in  the  free  Kpace  above  the  liciuid, 
He&O'**^  ^w  may  be  expresaed  tliua;  — 

ci/oj  =  k, 

where  k  is  known  as  the  solttbility  cocJJicierU, 

Dalton  showed  that  the  solubility  of  the  individual  gases  in  a 

mixture  of  gas*si  is  directly  proportional  to  their  partial  prpssures, 

the  solubility  of  each  gas  being  nearly  independent  of  the  presence 

of  the  others. 

As  w\\\  be  seen  from  the  foregoing  table,  the  solubility  of  a  gas 

I    in  a  liquid  diudnishes  with  increase  in  temperature.    Concerning 

I    the  influence  of  the  nature  of  the  gas  on  its  solubility,  it  may  be 

h  iaid  that  those  gases  which  exhilnt  acit!  or  basic  reactions  are 

V  the  mofit  soluble,  the  solubilities  of  neutral  gjises  being  small. 

I   hi  the  case  of  many  of  the  ver>'  soluble  gases  Heme's  law  does 

Dot  hold.     For  example,  ammonia,  a  ga,s  having  marked  basic 

properties  and  a  large  coefficient  of  solubility,  does  not  obey 

Hnuy's  law  at  ordinarj'  temperatures,  the  mass  of  ammonia 

fthiorbtxl    nut   being   proix>rtional    to   the   pressure.     The   curve 

ihowing  the  variation   in    ^^ol^bility  with  pressure  at  0*"  C.  has 

two  marked   discontinuities.     At    temperatures   above    100"  C. 

the  gas  obeys  Henry's  law.    Sulphur  dioxide  behaves  similarly, 

U»  law  holding  only  for  temperatures  exceeding  40^^  C. 

With  regard  to  the  connection  lietween  the  solvent  power  of  a 
Bqukl  and  its  nature  but  little  is  known.  .Mniut  all  that  can  be 
mid  LI,  that  the  order  of  solubility  of  gases  in  different  liquids  is 
the  same.  Thus  in  the  preceding  table  the  solubilities  of  hydro- 
po*  oxygen  and  carbon  dioxide  in  water  and  in  alcohol  will  be 
Km  to  l>e  approximately  proportional.  A  slight  change  in 
vulume  always  results  when  a  gas  is  dissolved  In  a  liquid.  In 
Seoeral  it  may  Iw  said  that  the  less  ooinpressit)le  a  gas  is,  the 
treater  is  the  increa.se  in  volume  producwl  when  it  is  ahsorbwl  by 
*  liquid.  It  is  of  interest  to  not<^  that  the  increase  in  volume 
caused  by  the  solution  of  a  g!i.s  is  nearly  equal  to  llie  value  of  6 
for  the  gas  in  the  etiuation  of  van  der  Waals.  This  ia  shown  in 
the  following  table:  — 
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o». 

liwnMn  u  Vol. 

^ 

^^jtys^"  

Nitrogen 

0  nous 

0  1)014.) 
0,00106 
0.0012S 

O.ooono 

0.001359 

0  noosRT 

O.00068S 

Solutions  of  Liituids  in  Liquids.  Solutions  of  liquids  in  Uquitk 
can  be  divided  into  three  diisses  iis  follows:  —  (1)  Liquids  whidi 
are  miscible  in  all  proportions;  (2)  Liquids  which  are  partijJIy 
miscible;  and  (3)  Liquids  which  are  immiscible.  E^xample^  of 
theee  thn?e  classes  in  the  (jrder  mentioned  are,  alcohol  and  watrf, 
ether  and  water,  and  Iwnzene  and  water.  As  to  the  cause  oi 
miscibility  and  non-niiscibility  of  liquids  very  little  is  known. 

Partial  Miscihilily.  If  a  small  amount  of  ether  is  addod  to 
a  large  volume  of  water  in  a  aeparatory  funnel  and  the  mixture 
vigorously  shaken,  a  perfectly  homogeneous  solution  will  be 
obtaiufHi.  On  gradually  increasing  the  araoimt  of  ether,  shaking 
after  each  addition,  a  concentration  uili  eventually  be  reached 
at  which  a  separation  into  two  laycra  will  take  place.  The  uppcf 
layer  is  a  saturatt^d  solution  of  water  in  other  and  the  lower  layer 
is  a  saturated  solution  of  ether  in  water.  So  long  as  the  relative 
amounts  of  tlie  two  liquids  is  Huch  that  the  mixture  doee  not 
become  homogeneous  on  standing,  the  composition  of  the  two 
laj'ers  will  be  independent  of  the  relative  amoimta  of  the  two 
components.  Measurements  of  tlie  mutual  aoluliility  of  liquid* 
have  been  made  by  Alexieeff  *  by  placing  weigiied  amounU  in 
sealed  tubes  and  observing  the  temperature  at.  which  the  mixtuns 
became  homogeneous.  In  general  the  solubility  of  a  pair  of 
partially  miscible  liquids  increases  with  the  tempcmture,  and 
therefore  it  may  be  inferred  that  at  a  sutficiently  high  tenii)erature 
the  mixture  will  become  perfectly  homogtrneous.  An  example  of 
this  tv-pe  of  binary  mixture  is  furnished  by  phenol  and  water,  the 
solubihty  curve  of  which  is  shown  in  Fig.  51.  In  thi.'=»  dingmni 
temperature  is  plottetl  on  the  a.xis  of  ordinates  and  {wj^entaffe 
composition  of  the  solution  on  the  axis  of  abeciasffi.    Starting 

"  Jour,  pr&kt.  Chun,,  133,  51S  (1883);  Bull.  Soo.  Chan.,  36,  14S  (1 
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with  a  small  amount  of  phenol  and  adding  it  in  increasing  quan- 
tities to  a  large  voliune  of  water,  a  concentration  will  eventually 
be  reached  at  which  the  solution  will  separate  into  two  layers. 
This  c(xio^itration  is  represented  by  the  point  A.    On  raising  the 


100 )( 


Percentage  Water  in  Phenol 


Peroentage  PtenoUn  Water 
Fig,  61. 
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temperature,  the  solubility  of  phenol  in  water  increases,  as  shown 
by  the  curve  AB.  In  like  manner,  starting  with  pure  phenol 
and  adding  increasing  amounts  of  water,  separation  into  two  layers 
will  occur  at  a  concentration  represented  by  the  point  C.  As  the 
temperature  is  raised  the  solubility  of  water  in  phenol  increases, 
as  shown  by  the  curve  CB.  When  the  temperature  is  raised 
above  68°.4  C,  corresponding  to  the  point  B,  phenol  and  water 
become  miscible  in  all  proportions. 

If  we  start  with  a  solution  whose  temperature  and  composition 
is  represented  by  the  point  a,  the  addition  of  increasing  amoimts 
of  phenol,  at  constant  temperature  will  be  represented  by  the 
dotted  line  af&i.  When  the  point  /  is  reached,  the  solution  will 
separate  into  two  layers  the  composition  of  which  will  be  inde- 
pendent of  the  relative  amounts  of  phenol  and  water.  At  e  the 
solution  will  again  become  homogeneous.    If  the  solution  repre- 
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seated  by  the  puint  a  lit.'  ngiim  cIiuHen  as  t)i«  starting  point,  and  ite 
compositioQ  hv  kept  unaltea'd  while  the  temperature  is  raised  to  & 
value  above  68^.4  C.»  the  L'liange  will  be  represented  by  the  dotted 
line  ab.  If  now  the  t'eiiiperature  be  maintained  eunatant  and  the 
pereentage  of  phenol  iuereariud,  the  alteration  in  cotuixiviition  will 
be  effected  without  discontinuity,  as  represented  by  (he  doited 
line  be.  On  etMjlinR  the  solution  represented  by  the  point  c  to  the 
initial  teniiierature  of  a,  the  point  d  will  be  reached.  Thus  it  is 
possible  to  pass  front  a  to  d  by  the  path  abed  without  causing  a 
separation  of  the  coniponeuta  into  two  layers.  There  is  an. 
analogy-  b€;twwn  the  solubility  curve  of  a  pair  of  partially  mis- 
cible  liquids  and  ttie  dotted,  parabolic  curve  in  the  diagnun  of 
the  isothermals  of  carbon  dioxide,  shown  in  Fig.  23.  In  Iwth 
cases  there  is  but  one  phase  outside  of  the  curves,  while  two 
phases  are  coexistent  witliia  the  area  enclosed  by  the  curves.  The 
analogj-  may  be  traced  furtlier,  since  in  each  case  only  one  phase 
can  exist  above  a  certain  temperature.  The  temperature  corre- 
sponding to  the  apex  of  the  parabolic  curve  in  Fig.  23,  is  termed 
the  critical  temiJerature  of  carbon  dioxide  autl  by  analog^'  the 
temperature  corresponding  to  the  [>oint,  B,  in  Fig.  51  is  calletl  the 
critical  sohdum  iem-pernture.  The  niutuiU  solubilities  uf  K)me 
piurs  of  partially  [iiiscible  liquids  were  fuund  by  Alexieeff  to  di- 
minish  with  increasing  temperature.  Thus  a  mixture  of  ether  and 
water,  wliicth  U  perfectly  homogeneous  at  ordinary  temi>erature3, 
becomes  turbid  on  warming.  .\  sp(iciaUy  interesting  pair  of 
liquids  is  nicotine  and  water.  At  ordinar>'  temiJeratures  these 
litiuifls  are  mi.'icilile  in  all  proportions.  If  the  temperature  ia 
raised  above  60°  C,  the  solution  U*<*omes  turbid  owing  to  inwim- 
plete  miscibiliiy.  On  continuing  to  heat  the  mixture  the 
mutual  solubility  of  the  litpiids  begiiLs  to  increase,  until  at 
210*  C.  they  Ix-i^ome  completely  sfWuble  again.  TIic  solubility 
relations  of  this  binary  mixture  are  shown  in  Fig.  52.  Tlie  closed 
solubility  curve  ch-hnes  the  limits  of  the  coexistence  of  two  layers, 
all  points  outside  of  the  curve  representing  homogeneous  solu- 
tions. 

Complde  MiscihiUty.    The  study  of  the  vapor  pressures  of 
binary*  mixtures  of  completely  miscible  liquids  is  of  great  im- 


portance  in  coimection  with  the  possibility  of  separating  th«n 
by  the  process  of  distillation.  The  experimental  investigations  of 
Konowalow  *  on  homogeneous  biuarj-  mixtures  of  liquids  have 
shown  that  such  pairs  of  liquids  may  be  divided  into  three  classes 


'PercoQtairc  Water  in.Nicotiii« 


0f  Fesuent^tfe  Nicotine  la  Water 

F%.  52. 
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as  follows:— (I)  Mbrtures  having  a  maximum  vapor  pressure 
corresponding  to  a  certain  composition,  e.g.,  propyl  alcohol  and 
water;  (2)  Mixtures  ha\'ing  a  minimum  vapor  pressure  corre- 
sponding to  a  certain  composition,  e.g.,  formic  acid  and  water; 
and  (3)  Mixtures  having  vapor  pressures  intermediate  between 
the  vapor  pressures  of  the  pure  components,  e.g.,  methyl  alcohol 
and  water.  In  considering  the  possibility  of  separating  binary 
nii?rtures  of  liquids  belonging  to  these  three  classes,  it  is  essential 
to  determine  the  composition  of  both  solution  and  escaping  vapor. 
When  a  pure  liquid  is  boilcil  the  composition  of  the  escaping 
vapor  is  tlic  same  as  that  of  the  liquid  itself,  but  this  is,  in  general, 

•  Wicd.  Ana.,  14,  34  (1881). 
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not  the  ciisr  when  a  binur>*  mixtiirr  is  diMtillfd.  The  composition 
of  tilt'  liquid  mixture  in  thr  tllstilliiig  Oask  generally  altera  contin- 
uously when  tiucb  a  mixture  is  distilled. 

(I)  The  relation  between  thf  vupor  prosKUre  and  comimsition 
of  all  postiihle  mixtures  of  propyl  alcohol  and  wator  is  ropres4'nt«d 
graphically  in  Fig.  53.  In  this  diagram  the  compositions  of  the 
mixtures  are  plotted  as  abscissae  and  vapor  pn-ssures  as  ordinate^. 
The  vapor  pressures  of  the  pure  coniponenti^,  water  and  propyl 
alcohol,  at  a  definite  temperature  are  represented  by  A  and  C. 
The  maximum  in  the  vapor-pressure  curve  corresponds  to  a  mix- 


WuUr 


Propf  I  Alcoliol 
rig.  53. 

ture  contxiining  80  per  cent  of  propyl  alcohol.  The  dotted  cur^'e 
represents  the  hoiliug-potnls  of  the  various  mixtures  under  normal 
atmospheric  pressure.  Kouowalow  h&a  shown  that  the  va|X)r  of 
a  binary  mixture  with  a  nituiinuui  or  maximum  boiling-point  has 
the  same  composition  as  that  of  the  liquid.  The  vapor  of  all 
mixtures  containing  less  than  SO  per  cent  of  propyl  alcohol  wOl 
be  relatively  richer  in  alcohol  than  the  licjuid  mixture,  since  the 
vapor  of  propyl  ak:ohol  iit  quite  insoluble  in  water.  If  the  amount 
of  alcohol  in  the  mixture  exceeds  80  i>er  cent,  then  the  vapor  will 
he  relatively  richer  in  water.  Thus,  whatever  may  be  the  com- 
position of  the  mixture  in  the  distilling  Bask,  the  distillate  will 
approximate  to  the  composition  of  the  mixture  having  the  mini- 
mum   boiling-pouit.     The  residue  in  the  fladk  will  gradually 
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change  to  pure  water  if  the  original  coDcentration  were  below 
80  per  cent,  or  to  pure  alcohol  if  the  original  concentration  were 
above  80  per  cent. 

(2)  The  second  type  of  binar>'  mixture  of  liquids  is  illustrated 
by  formic  acid  and  water,  the  vapor  pressure  and  Iwiling-point 
curves  for  which  are  shown  in  Fig.  54.  A  mixture  containing 
73  per  cent  of  formic  acid  has  a  minimum  vapor  pressure  and  a 
maxinium  boiling-point.  At  this  concentration  the  vapor  and  the 
liquid  have  the  same  composition.     The  vapor  of  mixtures  con- 


Wutcr 


Formic  Aulil- 
Fig.  3A. 
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taining  less  than  73  per  cent  of  acid  is  relatively  richer  in  water 
than  tlie  liquid,  whilr  the  VHp<tr  of  niixtun*8  containing  more  than 
73  per  cent  of  acid  contains  rtiiitively  less  water  than  the  liquid. 
Any  mixture  of  formic  acid  and  water  when  distilled  will  thus 
leave  a  residue  in  the  distilling  flask  containing  73  per  cent  of 
add;  this  residue  will  distil  at  constiuit  temperature  like  a  homo- 
geneoui!  liquid.  It  was  thought  for  :i  long  time  that  such  constant 
boiling  mixtures  were  definite  chemical  compounds  of  the  two 
liquids.  Thus  a  mixture  of  hydrochloric  acid  and  water  contain- 
ing 20.2  per  cent  of  acid  boils  at  110°  C.  xmder  atmospheric  pres- 
sure. The  composition  of  such  a  mixture  corresponds  ver>'  nearly 
to  the  formula,  HC1.8  HjO.     Roscoe  •  showed  that  these  mix- 

*  Lieb.  Ann.  ii6,  203  (1860). 
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turcs  are  not  definite  ehemical  conapounda  since  the  composition 
of  the  distillate  changes  when  the  distillation  is  carried  out  under 
different  pressures. 

(3)  The  vapor-pressure  and  boiling-point  curves  for  methyl 
alcohol  and  water,  a  mixture  typic!U  of  the  third  class  of  com- 
pletely miscible  liquids,  are  sho>vn  in  Fig.  55,  the  hca%'y  line 
representing  vapor  pressures  at  65°.2  C.  and  the  dotted  line  the 
boiling  points  under  normal  atmospheric  pressure.     In  this  case 


Water 


Methyl  Alwhol 
Fig.  55. 


the  composition  of  both  vapor  and  liquid  alter  continuously  on 
distillation.  The  distillate  will  contain  a  relatively  larger  amount 
of  alcohol  and  the  residue  in  the  distilling  fla.sk,  an  excess  of  water. 
If  this  distillate  be  nnlistillfd  from  a  clejm  flask,  a  .second  dis- 
tillate still  richer  in  alcohol  will  l>c  obtained.  By  repeating  this 
process  a  sufficient  number  of  times,  &  more  or  less  complete 
separation  of  the  two  components  of  the  mixture  can  be  effected* 
This  process  is  termed /rac-(i^;iaZ  distdiation. 

ImmiscibUiiy.  When  two  immiscible  liquids  are  brought 
together,  the  total  vapor  pressure  is  equal  to  the  sum  of  the  vapor 
pressures  of  the  components;  hence  when  such  a  mixture  is  di»- 
tiUed,  the  two  liquids  will  pass  over  in  the  ratio  of  their  respective 
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ressiirea,  the  boiling-point  of  the  mixture  being  the  temper- 
which  the  sum  of  the  vapor  pressures  of  the  two  liquids 
is  equal  to  th«  pressure  of  the  atmosphere.  The  relation  between 
vapor  pressure  ancJ  composition  in  this  case  will  be  represented 
by  a  horizontal  line  dra\^'n  at  a  distance  above  the  axis  of  abscissss 
equal  to  the  sum  of  the  vapor  pressures  of  the  components. 

Nitrobenzene  and  water  may  be  chosen  as  an  example  of  a  pair 
oC  liquids  which  are  practically  immiscible.  Under  a  pressure 
of  760  mm.  the  mixture  boils  at  99"  C.  The  vapor  pressure  of 
water  at  this  temperature  is  733  mm.;  the  vapor  pressure  of  nitro- 
beaecne  must  be  760  —  733  =  27  mm.  Notwithstanding  the 
relatively  small  vapor  pressure  of  nitrobenzene  in  the  mixture, 
considerable  quantities  of  it  distil  over  with  the  water.  It  is  this 
fact  that  makes  possible  separations  of  tiquids  by  the  process  of 
ateam  distillation  so  frequently  employed  by  the  organic  chem- 
ist. The  relative  weights  of  water  and  nitrobenzene  passing 
over  in  a  steam  distillation  may  be  calculated  as  follo^vs:  —The 
relative  volumes  of  steam  and  vapor  of  nitrobenzene  which  distil 
over  will  be  in  the  ratio  of  their  respective  vapor  pressures  at  the 
temperature  of  the  experiment,  and  consequently  the  relative 
weights  of  the  two  liquids  which  pass  over  will  be  in  the  ratio, 
pidi  :  pjrfj,  where  pi  and  pz  denote  the  respective  vapor  pressures 
of  water  and  nitrobenzene,  and  di  ami  (k  the  corresponding  vapor 
d^isities.  If  Wi  and  wt  denote  the  weights  of  the  tn'o  liquids  in 
the  state  of  vapor,  then 

wi:  Wt::  pWi  :  p^, 

or,  since  vapor  density  Ls  proportional  to  molecular  weight,  we 
may  write 

w  i:  tcj  ::  piMi  :  ptMt. 

Substituting  in  this  proportion  the  values  given  above  for  the  vapor 
preasuLres  of  steam  and  nitrobenzene,  we  have 

W)i:«)x::7:i3X  18:27X123 

wi:wk::  13,194: 3321. 

Thus  the  weights  of  water  and  nitrobenzene  in  the  distillate  are 
approximately  in  the  ratio  of  4  to  1  notwithstanding  the  fact  that 
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the  ratio  of  their  vapor  pressures  at  the  Ijoiliug-point  of  the  mix- 
ture is  27  to  1.  If  an  organic  suljstauce  is  not  tiecomi>o«<?d  by 
steam,  it  is  possible  to  effect  an  appreciable  purification  by  steam 
distillation,  even  though  its  vapor  pressure  be  relatively  small. 
As  will  be  seen  from  the  above  example,  it  is  the  high  molecular 
weight  of  the  nitrobeneene  which  compensates  for  its  low  vapor 
pressure.  It  is  the  small  molecular  weight  of  water  which  renders 
it  so  suitable  for  steam  distillation. 

Finally,  the  vapor-pressure  and  Ixjiling-point  relations  of  binary 
mixtures  of  partially  miscible  liquids  must  be  considered.     In 
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Fig.  56. 
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general  when  two  liquids  are  mixed,  each  lowers  the  vapor  pressure 
of  the  other,  so  that  the  vapor  pressure  of  the  mixture  is  leas  than 
the  sum  of  the  vapor  preasurea  of  the  components.  As  has  al- 
ready been  pointed  out,  the  composition  of  the  two  layers  in  a 
binarj'  mixture  of  partially  miscible  liquids  is  independent  ctf 
the  relative  amounts  of  the  components  present;  hence  the  vapor 
pressure  remains  constant  so  long  as  the  solution  remains  hetero- 
geneous. The  vapor-prcsaure  and  boiling-point  curves  for  a 
binarj'  mixture  of  p^irtially  miscible  liquids,  (isobutyl  alcohol  and 
water),  are  shown  in  Fig.  5f>.  The  horizontal  portion  BC,  reprfs 
sents  the  vapor  pressures,  at  88^5  C,  of  mixtures  of  isobutyl 
alcohol   and  water  where  two  layers  are  present.     The  vapor 


t 


t 


t 


SOLDTIOXS 

prcoDUre  of  the  homogeneous  mixtures  are  represented  by  AB  and 
CO,  AB  corresponding  to  solutions  of  isohutyl  alcohol  in  water, 
and  CD  to  solutions  of  water  in  Isobutyl  jilcohoL  The  dotted 
Vane  A'ffC'iy  represents  the  boiling-points  of  all  poHsible  mix- 
turee  of  isobutyl  alcohol  and  water,  under  normal  atmospheric 
pressure. 

Solutions  of  Solids  in  Liquids.  The  solubility  of  a  solid  in  a 
liquid  is  limited  and  is  dependent  upon  the  temjieraturc,  the 
nature  of  the  solute  and  the  nature  of  the  solvent.  When  a 
solvent  has  taken  up  as  much  of  a  solute  as  it  is  capable  of  dis- 
solving at  a  definite  temperature,  the  solution  is  said  to  be  mlu- 
ToUd.  There  are  two  general  methods  for  the  preparation  of 
saturated  solutions:  —  (1)  An  excess  of  the  finely-divided  solute 
is  a^tated  with  a  known  amount  of  the  solvent,  at  a  de6nite 
temperature,  until  equiUbrium  is  attained;  (2)  the  solvent  is 
heated  wth  an  excess  of  the  solute  to  a  temperature  higher  than 
that  at  which  saturation  is  required,  and  then  cooled  in  contact 
with  the  solid  solute  to  the  desired  temperature.  Both  of  these 
methods  give  equally  satisfactor>'  results  provided  sufficient 
time  is  allowed  for  the  establishment  of  equilibrium,  and  provided 
ibe  solid  substance  is  always  present  in  excess.  The  solubility 
of  a  soUd  in  a  liquid  may  be  expressed  as  the  number  of  grams  of 
the  solute  in  a  given  mass  or  volume  of  solvent  or  solution,  but 
it  is  usually  expressed  as  the  number  of  grams  of  solute  in  100 
grams  of  solution.  The  solubility  of  solids  has  recently  been 
shov^Ti  to  be  somewhat  dependent  upon  their  state  of  di\'ision. 
Thtis,  Hulett  *  has  found  that  a  saturated  solution  of  gJT3sura  at 
25**  C.  contains  2.080  grams  of  CaSO*  per  liter,  whereas  when 
very  finely  divided  gjpsum  is  shaken  mth  this  solution,  it  is 
possible  to  increase  the  content  of  tlissolved  CaSOi  to  2.542  grams 
per  liter.  When  a  saturated  solution  is  cooled,  everj'  trace  of 
solid  solute  being  excluded,  the  excess  of  dissolved  solid  may  not 
separate.     Such  a  solution  is  said  to  be  supersaturated. 

As  a  general  rule  the  solubility  of  solids  in  liquids  increases 
wilh  the  temperature,  as  shown  in  Fig.  57.  Several  exceptions 
to  this  rule  are  known,  among  which  may  be  mentioned  ciilcium 
*  Jour.  Am.  Cbero.  Soc,  27,  49  (lOOS). 
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hydroxide,  calcium  sulphate  above  40"  C,  and  sodium  sulphate 
between  the  temperatures  of  33°  C.  and  100*  C. 

Solubility  curves  are  usually  continuous,  but  exceptions  to  this 
rule  are  common:   the  solubility  curve  of  sodium  sulphate  fur- 


40  SO 

TGmpornture 

Fig.  57. 


niehei?  an  illustration.  The  discontinuity  in  the  solubility  cur 
of  sodium  sulphate  is  due  to  the  fart  that  we  are  not  dealing  with 
one  solubility  curve,  but  with  two  solubility  curves.  At  temper- 
atures below  33"  C,  tlie  diwsolvtKl  .salt  is  in  equilibrium  with  the 
decahydratc,  Na^SOi.lO  H2O,  wherejus  at  temperatures  above 
33^  C.  the  dissoiveil  salt  is  in  equilibrium  with  the  anhydroua 
salt,  NaaSO,.  The  solubility  of  NaaSO^-lO  MjO  increases  with 
the  temperature,  while  the  solubility  of  NajSO*  diminishes.  That 
we  are  actually  dealing  with  two  solubility  curves,  is  proved  by 
the  fact  that  the  solubility  curves  of  the  hydrated  and  anhydrous 
salts  in  supcr8aturftte<l  solutions  are  continuations  of  the  corre- 
sponding cur\'es  for  saturated  solutions,  as  sho^vn  by  the  dotted 
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cur\*e8  in  Fig.  57.  If  we  select  any  point,  such  as  p,  lying  botwecai 
a  dotted  curve  and  a  full  curve,  it  is  apparent  that  it  represents  a] 
solution  supersaturated  with  respect  to  NasSO^H)  IlaO,  but  un-' 
saturatM  with  respect  to  NaaSOi.  If  pure  anhydrous  sodium 
sulphate  be  shaken  with  this  solution  it  will  slowly  dissolve,  where- 
as if  a  trace  of  the  hydrated  salt  he  added,  the  solution  will  deposit 
NasSOi.lO  H3O,  until  the  aincunt  remaining  In  solution  corrc*^| 
spends  to  the  solubility  of  the  hydrate  at  that  temperature.^^ 
Supersaturated  solutions  of  some  substances  can  }>o  preserved 
inde6nitely,  provided  all  traces  of  the  solid  phase  are  excluded. 
Such  solutions  are  called  uietastable.  On  the  other  hand  there 
are  some  supersaturated  solutions  which  deposit  the  excess  of 
solid  ftoluUi  even  when  all  traces  of  it  are  excluded.  These  solu- 
tions are  termed  labile.  The  distinction  between  metastable  and 
labile  solutions  is  not  sharp.  If  a  mctastable  solution  is  suffi- 
ciently cooled,  or  if  its  concentration  is  sufficiently  incre«sfMl,  it 
may  be  made  to  pass  over  into  the  labile  condition.  The  concen- 
tration at  which  this  transition  occurs  is  termed  tlie  melastahie 
HmiL  The  stability  of  supersaturated  solutions  has  recently 
been  shown  by  Yoimg  *  to  lie  greatly  influenced  by  vibrations  or 
sudden  shocks  within  the  solution.  He  has  luH'n  able  to  control 
the  amount  of  overcooling  in  a  supersaturated  solution,  by  alter- 
ing the  intensity  of  the  vibrations  due  to  the  friction  between  glass 
or  metal  surfaces  within  the  solution. 

Very  little  is  known  concerning  the  relation  between  solubility 
and  the  specific  properties  of  solute  and  solvent. 

Owing  to  the  fact  that  the  change  in  volume  resulting  from  the 
solution  of  a  solid  in  a  liquitl  is  verj-  small,  the  effect  of  pressure 
on  the  solution  is  almost  negligible.  The  chief  factors  condition- 
ing the  change  in  solubility  due  to  increasing  pressure,  are  the 
heat  of  solution  of  the  solute  in  the  nearly  saturated  solution, 
and  the  change  in  volume  on  solidification.  Very  few  experiments 
have  been  made  to  determine  the  effect  of  pressure  on  solubility, 
Van't  Hoff  states  that  the  solubilitj'  of  a  solution  of  ammonium 
chloride,  a  salt  which  expands  when  di.s8olved,  decreases  by  I  per 
cent  for  160  atmoepheres,  while  the  solubility  of  copper  sulphate, 

•  Jour.  Am.  Chem.  80c.,  33,  148  (1911).  M 
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a  salt  which  contracts  when  dissolved,  increases  by  3.2  per  cent 
for  60  atmospheres. 

Solid  Solutions.  In  general,  when  a  dilute  solution  is  suffi- 
cientlj'  cooled  the  solvent  separates  in  the  fonn  of  cr>'st«Ia  which 
arc  almost  entirely  free  from  the  solute.  When,  however,  the 
temperature  of  a  solution  of  iodine  in  benzene  is  reduced  to  the 
freezing-point,  the  crj'stals  which  separate  are  found  to  contain 
iodine.  Furthermore,  the  depression  of  the  freezing-point  of  the 
solvent  is  found  to  be  less  than  that  calculated  on  the  assumption 
that  the  solvent  crystallizes  uncontaminatcd  with  the  solute. 
Such  solutions  were  first  studied  by  van't  Hoff.*  He  found  that 
when  the  concentration  of  such  abnormal  solutions  is  varied,  the 
ratio  of  the  amount  of  solute  in  the  liquid  solvent  to  the  amount 
of  solute  in  the  solidified  solvent  remains  constant.  Thus,  in  solu- 
tions of  iodine  in  benzene,  the  ratio  of  the  concentration  of  iodine 
in  the  liquid  to  its  concentrnlion  in  the  crystallized  benzene  is 
eonstjmt.  In  the  following  table  Ci  is  the  concentration  of  iodine 
in  the  liquid  benzene,  and  Ct  is  the  concentration  of  iodine  in  the 
solid  benzene. 


fl 

•^i 

c,/ct 

3  30 

2.5S7 

0.046 

1  270 

0.925 
0,317 

0.377 
0.35S 
0  »:« 

n 


Van't  Hoff  pointed  out  the  analogy  between  the  distribution  nf 
the  solute  between  the  solid  and  liquid  solvent,  and  the  distribution 
of  a  gus  between  a  liquid  and  the  free  space  above  it.  In  other 
words,  the  distribution  follows  Henr>''s  law  for  the  solution  of  a 
gas  in  a  litiuid.  Since  the  crj'stsiU  eontaiiiiug  both  solute  and 
solvent  are  perfectly  homogeneous,  van't  Hoff  suggestetl  that 
they  be  regardetl  as  solid  solutionis.  The  mixed  crystals  which 
separate  from  solutions  of  isoniorphous  substances  being  chem- 
ically and  physically  homogeneous,  are  U)  be  eonsiderefl  as  solid 
solutions.     Many  alloys  [MSHsess  the  proiwrties  {characteristic  of 


Zeit.  phys.  Cbem.,  5, 322  (1800). 


I 


SOLUTIONS 

solid  solutions;  hardened  steel,  for  example,  l)eing  regarded  its  a 
homogtneous  solid  solution  of  earboii  in  iron.  One  of  the  char- 
acteristic properties  of  a  di^^olved  substance  is  its  tendency  to 
diffuse  int^  the  pure  solvent.  Interesting  experiments  performed 
by  Roberta-Austen  *  have  shown  that  even  solids  iiave  the  prop- 
erty of  mixing  by  diffusion.  Thus,  by  keeping  gold  and  lead  in 
contact  at  constant  temperature  for  four  years,  he  wius  able  to 
detect  the  presence  of  gold  in  the  layer  of  lead  at  a  distance  of 
7  mm.  from  the  surface  of  separation.  Many  other  instances  of 
diffusion  in  solids  have  been  obser\'ed.t 

Instances  of  gases  and  liquids  dissolving  in  solids  are  also 
known.  Thus  platinum,  palladium,  charcoal  and  other  sub- 
stances have  the  property  of  taking  up  lai^e  volumes  of  hydrogen, 
This  phenomenon,  known  as  acclusion,  is  but  little  understood. 
Van't  Hoff  has  su^ested  that  when  hydrogen  dissolves  in  palla- 
dium we  are  really  dealing  with  two  solid  solutions:  one  a  solu- 
tion of  hydrogen  in  palladium  and  the  other  a  solution  of 
palladium  in  solid  hydrogen,  the  system  being  analogous  to 
that  of  two  partially  miscible  liquids. 

Certain  natural  silicates,  the  so-called  zeolites,  are  transparent 
and  homogeneous.  Since  they  contain  var>-ing  quantities  of 
water  they  may  be  regarded  as  examples  of  solutions  of  liquids 
in  solids.  Tliis  classification  is  further  justified  by  the  fact  that 
portions  of  the  water  may  be  removed  and  replaced  by  other 
substances,  such  as  alcohol,  with  apparently  no  change  in  the 
transparency  or  homogeneity  of  the  mineral. 

PROBLEMS. 

1.  2.3  liters  of  hydrogen  under  a  pressure  of  78  cm.  of  mercury,  and 
5.4  liters  of  nitroKeu  at  a  pretssure  uf  46  cm.  were  introduced  into  a  vessel 
containing  3.8  liters  of  earbou  dioxide  under  a  pressure  of  27  cm.  What 
was  the  pressure  of  the  mixture?  Ana.    140  cm.  of  mercury. 

2.  Air  is  composed  o(  20.9  volumes  of  oxj'gen  and  79.1  volumes  of 
nhroeeo.    At  IS**  C.  water  absorbs  O.U2l}9  volumeij  of  oxygen  atid  0.0148 

•  Proc.  Roy.  Soc.,  67,  101  (1900J. 

t  Sec  Report  on  Diffusiou  in  Solida,  by  C.  H.  Doach,  Chem.  News,  106, 
153  (1912). 
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volumes  of  nitrogen,  the  pressure  of  each  beii^  that  of  tJie  atmosphere. 

Calculate  the  composition  of  the  mixture  of  gases  absorbed  by  the  water. 

Ans.  34.8%  by  vol.  of  O,  and  65.2%  by  vol.  of  N. 

3.  The  vapor  pressure  of  the  immiscible  liquid  system,  aniline-water, 
is  760  mm.  at  98°  C.  The  vapor  pressure  of  water  at  that  temperature  is 
707  mm.    What  fraction  of  the  total  weight  of  the  distillate  is  aniline. 

Ana.  0.28. 

4.  The  boiling-point  of  the  immiscible  liquid  system,  naphthalene-wato', 
is  98**  C.  under  a  pressure  of  733  mm.  The  vapor  pressure  of  wata  at 
98°  C.  is  707  mm.  Calculate  the  proportion  of  naphthalene  in  the  dis- 
tillate. Ans.  0.207. 


( 


Osmotic  Pressure.  In  the  preceding  chapter  reference  was 
mode  to  the  fact  that  diffusion  is  a  characteristic  property  of  sohj- 
tions.  If  a  few  cubic  centimeters  of  a  concentrated  solution  of 
cutt  eugar  are  plated  at  the  bottom  of  a  tall  cjlindcr,  and  water 
is  added,  care  being  taken  to  prevent  mixture,  the  sugar  immedi- 
ately begins  to  diffuse  into  the  water,  the  process  continuing  until 
the  conce-ntration  of  sugar  is  the  same  throughout  the  liquid. 
The  Bugar  molecules  move  from  a  region  of  high  concentration 
to  a  region  of  low  concentration,  the  rate  of  diflFusion  being  rela- 
tively slow  owing  to  the  viscosity  of  the  medium.  A  similar 
process  is  encountered  in  the  study  of  gases,  but  the  rate  of  gas- 
eous dilTusion  is  extremely  rapid.  In  termy  of  the  kinetic  theory, 
the  movement  of  the  molecules  of  a  gas  from  regions  of  high 
concentration  to  regions  of  low  concentration,  is  to  be  considered 
•Bdue  to  the  pressure  of  the  gas.  By  analogy-,  we  may  regard  the 
mtUB  of  diffusion  in  solutions  as  a  manifestation  of  a  driving 
force,  knoixTi  as  the  o-^motk  pre.'isure. 

Seml-penneable  Membranes.  The  use  of  a  semi-pcrnieable 
membrane  for  the  measurement  of  the  partial  pressure  of  nitrogen 
in  a  mixture  of  nitrogen  and  hydrogen,  ha.s  already  been  explained. 
A  similar  method  may  be  employed  for  the  measurement  of 
the  osmotic  pressure  of  a  solution,  provided  a  suitable  semi-perme- 
sble  membrane  can  be  found.  Huch  a  membrane  must  prevent 
the  paseage  of  the  molecules  of  solute  and  must  be  readily  perme- 
able to  the  molecules  of  solvent;  it  must  exert  a  selective  action 
on  solute  and  solvent.  If  a  solution  is  separated  from  the  pure 
solvent  by  a  semi-pemieable  membrane,  diffusion  of  the  solute 
is  no  longer  iwssible.  Since  equilibrium  of  the  system  can  only 
be  attained  when  the  concentrations  on  both  sides  of  the  mem- 
brane are  equal,  it  follows  that  the  solvent  must  pass  through 
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tho  membrane  and  dilut**  the  more  concentrated  solution.  A 
number  of  senii-permealjle  membranes  have  been  discovered 
which  are  readily  permeable  to  water  and  nearly,  if  not  entirely, 
impermeable  to  various  solutes.  About  the  middle  of  the  eight- 
eenth century  Abb^  Nollet  discovered  that  certain  animal  mem- 
branes are  permeable  to  water  but  not  to  alcohol. 

Artificial  semi -permeable  membranes  were  first  prepared  by 
M.  Traube.*  If  a  glass  tube,  pro^^ded  with  a  rubber  tube  and 
pinch-cock,  be  partially  filled,  by  suction,  with  a  solution  of 
copper  sulphate,  and  then  immersed  in  a  solution  of  potassium 
ferrocyanide,  a  thin  film  of  copper  ferrocyaaide  will  be  formed 
at  the  junction  of  the  two  solutions.  When  the  film  has  once 
been  formed,  further  precipitation  of  copper  ferrocyanide  will 
cease,  the  solutions  on  either  side  of  the  film  remaining  clear. 
Traube  showed  that  this  membrane  is  semi-permeable.  He  also 
showed  that  a  number  of  other  gelatinous  precipitates  possess 
the  property  of  semi-permeability.  A  membrane  formed  in  the 
above  manner  is  easily  ruptured  and  ia  wholly  inadequate  for 
quantitative  or  even  qualitative  experiments.  PFeffer  f  devised 
a  method  for  strengthening  the  membrane.  By  depositing  the 
precipitate  in  the  walls  of  a  porous  clay  cup,  the  area  of  unsup- 
ported membrane  is  greatly  diminished  and  its  resisting  power 
correspondingly  increased.  Pfeffer  directs  that  the  cup  to  be 
used  for  this  purpose  must  be  throughly  washed,  and  its  walls 
allowed  to  become  completely  permeated  with  water.  The  cup 
is  then  filled  to  the  top  with  a  solution  of  copper  sulphate,  con- 
taining 2.5  grama  per  liter,  and  allowed  to  stand  for  several  hours 
in  a  solution  of  potassium  ferrocyanide,  containing  2.1  grams 
per  liter.  The  two  solutions  diffuse  through  the  walls  of  the  cup 
and  on  meeting,  deposit  a  thin  membrane  of  copper  ferrocyanide. 
When  precipitation  is  complete,  the  cup  is  thoroughly  washed 
and  soaked  in  water.  The  cup  is  then  filled  to  the  top  with  a 
solution  of  cane  sugar,  and  a  rubber  stopper,  fitted  with  a  long 
glass  tube  of  narrow  bore,  is  inserted,  care  being  taken  to  exclude 
air-bubbles.     The  stopper  is  then  made   fast   with   a  suitable^ 

•  Archiv.  far  Anat.  imd  Physiol.,  p.  87  (1867). 
t  OamotiBche  UDteisucbungen,  Leiptig,  1S77. 
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cement,  and  the  r«p  completely  immersed  in  a  beaker  of  water. 
The  completed  apparatus  is  showii  in  Kig.  58.  If  the  formation 
of  the  membrane  has  been  successful,  the  level  of  the  iicjuid  in  the 
vertical  glass  tube  will  slowly  rise  and  will  eventually  attain  a 
hdsbt  of  several  meters.  If  the  mem- 
brane is  sufficiently  strong  and  no  leaks 
develop,  the  paasaRe  of  water  through  the 
metnbrane  will  continue  until  the  hydro- 
static pressure  of  the  column  of  liquid  in 
the  tube  is  great  enough  to  overcome  the 
tendency  of  the  water  to  force  its  way 
into  the  sugar  solution.  As  a  general 
rule,  the  membrane  becomes  ruptured  be- 
fore equilibrium  is  attained. 

Measurement  of  Osmotic  Pressure. 
The  first  direct  measurements  of  osmotic 
pressure  were  ma<le  by  Pfeflfer.  His  ex- 
periments deserve  brief  consideration, 
snce  the  results  obtained  furnish  the 
basis  of  the  modem  theory  of  solution. 
The  cell  used  was  similar  to  that  described 
above,  but  instead  of  employing  a  ver- 
tical glass  tube  as  a  mimometer,  the  cup 
was  connected,  as  shown  in  Fig.  fjQ,  with 
a  closed  mercury  manometer.  The  sub- 
stitution of  the  closed  for  tlie  0]>en  iium- 
ometer  is  necessitated  by  the  f.^ct,  that 
with  an  open  riuuiumeter  so  much  water  entered  the  cell  that 
the  concentration  of  the  solution  Itecame  appreciably  diminished, 
and  the  preasm*  actually  measured  corresponded  to  a  solu- 
tion of  smaller  concentration  than  that  introduced  into  the  cell. 
\rith  the  cIoshI  manometer,  when  u  trat^e  of  water  has  entered 
the  ceil,  sufficient  pressure  is  developed  to  prevent  the  further  en- 
trance of  more  water.  Pfeflfer  calculated  tliat  with  a  cell,  the 
rapacity  of  which  was  16  cc,  the  volume  of  water  entering  before 
equilibrium  was  attaine<l,  did  not  exceed  0.14  cc.  In  his  experi- 
ments, Pfeffer  determined  the  density  of  the  cell  contents  before  and 
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after  mcasurpment  of  the  osmotic  pressure,  and  corrected  for  any 
change  in  concentration.     With  this  apparatus  he  made  nuuior- 

oufi  measurements  of  the  oamotic 
pressures  of  different  solutions,  the 
entire  apparatus  being  ininiersed  in 
a  constant-temperature  hath.  With 
solutions  of  canp  sugar  he  obtained 
the  results  given  in  the  accompany- 
ing table,  where  C  denotes  the  per- 
centage eoncentrationofthesolution, 
and  P  the  corresponding  osmotic 
pressure,  expressed  in  centimeters  of 
mcrcurj'.  The  temperature  varied 
from  13.5°  C.  to  14^7  C. 


c 

P 

P/C 

1 

53.5 

£3.6 

2 

101.6 

S0.8 

4 

20M.2 

62.0 

G 

307  S 

51  2 

It  is  evident  from  these  results, 
that  the  osmotic  pressure  is  propor- 
tional to  the  concentration  of  the 
solution,  since  P/C  is  approximately 
constant.  The  deviations  from  con- 
stancy in  the  ratio  of  pressure  to 
concentration  may  be  ascribed  to 
experimental  errors,  since  the  dif- 
ficulties involved  in  these  measure- 
ments are  verj-  great.  Pfeffer  also 
studied  the  influence  of  temperature 
on  osmotic  pressure,  and  showed 
that  as  the  temperature  is  raised  the  pressure  increases.  The 
following  table  gives  iiis  results  for  a  1  per  cent  solution  of  cane 
sugar. 
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Tcmpcnluie. 

Oantolla  Praomn. 

6'.8 

13*.2 
14°  2 
22*  0 
36"  0 

cin. 
50.5 
62.1 
53.1 
54.8 
56.7 

Osmotic  Pressure  and  the  Nature  of  the  Membrane.  Pfeffer 
[died  the  flTecTt  of  the  natiir<>  of  the  membrane  on  osmotic 
pMBUre.  In  addition  to  copper  ferrocyanide,  he  used  membranes 
of  calcium  phosphate  and  Prussiau  bhje.  Hia  results  seemed  to 
indicate  that  the  magnitude  of  the  osmotit;  pressure  developed, 
was  dependent  upon  the  nature  of  the  membrane  used. 

The  variations  observed  have  since  been  shown  to  Iiave  been 
due  to  leakage  of  the  calcium  pliosphate  and  Prussian  blue  mem- 
branes, the  copper  ferrocyanide  membrane  being  the  only  one 
which  was  capable  of  withstanding  the  pressure.  Oatwald  "  hris 
devised  an  ingenious  theoretical  demonstration  of  the  fact  that 
osmotic  pressure  must  be  independent  of  the  nature  of  the  mem- 
brane employed  in  meaauring  it.     Let  A  and  5,  in  Fig.  60,  repre- 
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Fig.  60. 

sent  two  different  eem impermeable  membranes  placed  in  a  glass 
tube  of  wide  Iwrt*.  Let  us  tmagint!  the  spatie  between  the  two 
membranes  to  be  fdled  with  a  solution,  and  the  tube  immersed 
in  a  vessel  of  water.  If  the  osmotic  pressures  developed  at  A 
and  B  are  pi  and  jh  resi«rctively,  and  ;>3  is  less  than  pi,  then 
water  will  pass  through  A  until  the  pressure  pi  is  reachi^l.  Since 
the  pressure  at  B  only  reaches  the  value  pj,  however,  the  pres- 
sure pi  can  never  be  attained,  and  a  steady  stream  of  wat<;r  from 
A  to  B,  under  the  pressure  pi  —  pa,  will  result.  This,  however, 
would  be  a  perpetual  motion,  and  sinci?  this  is  impossible,  the 
oomotic  pressures  at  the  two  memljranes  must  be  the  same. 
•  Lchrfa.  d.  oJlg.  Cbem.,  I.,  p.  662., 
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Theoretical  Value  of  Osmotic  Pressure.  The  physico-chem- 
ical significance  of  HcftV-r's  results  was  first  porcfiivcd  by  van't 
Hoff.*     In   a   remarkably   brilliant  paper,   he  pointed   out   the 

I  existence  of  a  striking  parallelism  between  the  properties  of  gases 

pand  the  properties  of  dissolved  sut>stance&. 

We  have  already  called  attention  to  the  analogy-  between  osmotic 
sure  and  gas  pressure:  we  now  proceed  to  trace  the  conneo- 
aon  between  osmotic  pressure,  volume  and  temperature,  as  first 
pointed  out  by  van't  Hofi".  PfefFer's  experiments  showed  that  at 
constant  temperature,  the  ratio,  PjC^  is  constant  for  any  one 
solute.  Since  the  concentration  varies  inversely  as  the  vohime 
in  which  a  definite  amount  of  solute  is  dissolved,  we  obtain,  by 
substituting  l/V  for  C,  the  equation,  PV  =  constant,  which  is 
plainly  the  analogue  of  the  familiar  equation  of  Boyle  for  gases. 
An  examination  of  Pfcffer's  data  for  osmotic  pressures  at  differ- 

_cnt  temperatures,  convinced   van't  Hoff  that  the  law  of  Gay- 
L.ussac  is  also  applicable  to  solutions. 

In  the  following  table,  the  osmotic  pressures  in  atmospheres  fw 
a  1  per  cent  solution  of  cane  sugar  at  different  temperatures  are 
recorded,  together  with  the  pressures  calculated  on  the  assump- 
tion that  the  osmotic  pressure  is  directly  proportional  to  the 
absolute  temperature. 


TBtnpoortiuii. 

/■(ohfc). 

t  (MlA.). 

6". 8 

0.G64 

0.665 

13^7 

0.601 

0.681 

lfl',5 

0.6S4 

0.686 

22'  0 

0.721 

0.701 

32'.  0 

0.716 

0  725 

36'.  0 

0.746 

0.735 

Since  the  laws  of  Boyle  imd  Oay-Lussac  are  l>oth  applicable, 
we  may  write  :m  eiiuation  fur  dilute  solutions  corresponding  to 
that  alre^wly  derived  for  gasra,  or  i 

PV  -  RT,  ^d 

in  which  P  is  the  osmotic  pressure  of  a  solution  containing  a  de& 
•  Zeit.  phys.  Chem.,  i,  481  (1887). 
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aite  veight  of  solute  in  the  volume,  V,  of  solution,  T  being  tho 
absolute  tGtapcralure  of  the  solution  and  R'  a  constant  corre- 
sponding to  the  molecular  gas  constant. 

The  molecular  gas  constant  R  has  already  been  evaluated  and 
has  lK»en  found  to  be  equal  to  0.0821  liter-atmospbere. 

Making  use  of  Pfeffer's  data,  van't  Hoff  calculated  the  value 

05  R'  m  the  above  equation,  in  the  following  manner:  the  osmotic 
pressure  of  a  1  per  cent  solution  of  cane  sugar  at  0°  C.  is  0.640 
atmoephere,  and  since  the  concentration  of  the  solution  is  1  per 
cent,  the  volume  of  solution  contuining  1  mol  of  sugar,  will  be 
34,200  cc.  or  34.2  liters.  Substituting  these  values  in  the  equa^ 
tkm,  we  have 

/2  =  -ST  *=  — — 273 ~  0.0813  hter-atmo8., 

6  value  which  is  nearly  the  same  as  that  of  the  molecular  gaa 
ranstant,  R.    The  equality  of  R  and  R'  leads  to  a  conclusion  of 
the  greatest  importance,  as  was  painted  out  by   van't  Hoff,  viz., 
"  the  osmotic  pressure  exerted  by  any  substance  in  solution  is  Uie  same 
at  il  would  exert  if  preserd  as  a  gas  in  the  same  volume  as  that  occupied 
by  the  solution,  provided  that  the  solution  is  so  dilute  that  the  volume 
occupied  by  the  solute  is  negligihle  in  comparison  with  that  occupied 
by  the  solvent.  '*     It  should  be  remembered  that  we  are  not  justified 
in  concluding  from  this  proposition  of  van't  Hoff,  that  osmotic 
presaure  and  gaseous  pressure  have  a  common  origin.     While 
the  origin  of  osmotic  pressure  may  be  kinetic,  it  is  also  conceivable 
that  it  may  result  from  the  mutual  attra<-tion  of  solvent  and 
solute,  or  that   it  may  bear  some  relation  to  the  surface   ten- 
sion of  the  solution.     Up  to  the  present  time  no  wholly  satis- 
factory explanation  of  the  cause  of  osmotic  pressure  has  been 
advanced. 

Just  as  1  mol  of  gas  at  0°  C.  and  760  mm.  pressure  occupies  a 
volume  of  22.4  liters,  so  when  1  mol  of  a  substance  is  dissolved 
and  the  solution  diluted  to  22.4  liters  at  0°  C,  it  will  exert  an 
osmotic  prewure  of  ]  atmosphere.  In  other  words,  Tnolar  weights, 
or  quaniities  proportional  to  molar  weights,  of  different  sutstaTices, 
xehen  disBolved  in  equal  volumes  of  the  same  solvent  exert  the  same 
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iwmotic  pressure.    If  wc  deal  \nth  n  mols  of  solute  instead  of  1  mol, 
the  general  equation  becomes 

PV  =  ixRT. 


4 


But  n  =  gfM,  where  g  Is  the  number  uf  gramu  of  Bolute  per  liter, 
and  M  \&  its  molecular  weight.  SuKstitutIng  in  the  preceding 
equation,  wc  have 

PV  ^g/M'RT, 
or, 

i»  py 

Since  P,  V,  g,  R  and  7*  are  all  known,  M  can  be  calculated.  The 
direct  measurement  of  the  osmotic  pressure  of  a  solution  does  not 
afford  a  practical  method  for  the  detcnnination  of  the  molecular 
weight  of  dissolvrd  substances,  because  of  the  experimental 
difficulties  involved  and  the  time  required  for  the  establishment 
of  equilibrium.  There  are  other  and  simpler  methods  for  deter- 
mining molecular  weights  in  solution,  bused  upon  certain  proper- 
ties of  solutions  which  are  proportional  to  their  respective  osmotic 
pressures. 

Recent  Work  on  the  Direct  Measurement  of  Osmotic  Pressure. 
It  is  only  withbi  the  past  di-cade  that  the  Investigations  of  Pfeffer 
have  Iwen  confirmcKi  and  extended  by  elaborate  and  systematic 
experiments  on  the  direcl-  measurement  of  osmotic  pressure. 
Morse  and  his  co-workers,*  while  employing  a  method  casentially 
the  same  as  that  of  Pfeffer,  have;  as  the  result  of  much  patient 
labor,  brought  the  apparatus  to  such  a  high  state  of  iierfection, 
that  the  experimental  errors  are  now  estimated  to  aiTect  only 
the  second  place  of  deaimals  in  the  numerical  data  expressing 
osmotic  prRfl.siires  in  atmospheres.  The  most  im(X)rtant  of  the 
improvemejits  intrtKliieed  iiy  Morse  are  the  following:  —  (1)  the 
improvement  of  the  qujility  <»f  the  membrane;  (2)  tlie  improve- 
ment of  the  connection  between  the  cell  and  the  manometer, 
and  (3)  the  improvement  of  the  means  of  accurately  me.asuring 

•  Am.  Chcm.  Jnur.,  a6,  fiO  (IDOl);  54.  1  (1905);  36,  1.  39  (1906);  37,  321, 
'425,  558  (1007);  38,  Ur,  (1007);  39.  667  (lOOS;;  40,  1,  194  (1908);  41, 1, ; 
(1000). 
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thepre&sure.  The  niembrane  of  copper 
ferrocyanide  is  depofjite<l  electroiyti- 
cally.  After  thuruugh  washing  and 
softking  in  water,  the  puruus  eup,  made 
from  specially  prepared  clay,  is  filled 
nilh  a  solution  of  pota^iuni  ferrocy- 
anide and  immi?rs(*d  in  a  solution  of  coi>- 
per  sulphate.  An  electric  current  is 
then  passed  from  a  copper  electrode 
in  the  solution  of  copper  sulphate,  to 
a  platinum  electrode  immersed  in  the 
K)tutioQ  of  potassium  ferrocyanide. 
This  drives  the  copper  ami  ferrocy- 
siude  ions  toward  each  other,  and  the 
membrane  of  copper  ferrocyanide  id 
thus  formed  in  the  walls  of  the  cup. 
The  passage  of  the  current  is  continued 
until  the  electrical  resistance  rrnches  a 
value  of  about  100,000  ohni.s.  The 
cell  is  then  rinsed,  and  soaked  in  water 
for  several  hours,  and  then  the  electro- 
Ijlic  treatment  is  repeated  until  the 
oJectrical  resistance  attains  a  maximum 
value.  A  solution  of  cane  sugar  is  now 
introduced  into  the  cell,  which  Is  con- 
nected with  the  manometer  and  im- 
mereed  in  water.  When  the  pressure 
has  attained  its  ninximum  value,  the 
apparatus  is  disnmntled  and  the  cell, 
after  thorough  washing  and  soaking  in 
water,  is  again  subjected  to  the  electro- 
l>'tic  process  of  membrjuie  forming.  In 
this  way  the  weak  places  in  the  mem- 
brane which  may  have  yielderl  to  the 
high  pressure,  can  be  repaired,  and  by 
continued  rei)etition  of  this  treatment 


Fig.  61. 


the  membrane  can  ultimately  be  brought  to  its  maximum  powcr| 
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of  resistance.  A  sketch  of  the  Moree  apparatus  i-s  shown  in  Hg. 
Gl.  A  description  of  the  details  of  this  apparatus  lies  bej'ond  the 
Bcopo  of  this  book.  The  results  of  the  work  of  Morse  and  his 
students  arc  of  the  highest  importance.  The  osmotic  pressures 
of  solutions  of  cane  sugar  and  dextrose  have  been  shown  to  be 
proportional  to  the  respective  concent  rat  ioas,  provided  the  con- 
centration is  referred  to  unit  volume  of  solvent  instead  of  unit 
volume  of  solution.  Thus  in  their  experiments,  the  solutions  were 
made  up  containing  from  0.1  to  1.0  mol  of  solute  in  1000  grams  of 
water.  Morse  calls  such  solutions  weight-normal  solutions  in  con- 
trast to  volume-noTmal  solutions,  in  which  1  mol  or  a  fraction  of 
a  mo!  of  solute?  is  dissolved  in  water  and  the  solution  diluted  to  1 
liter.  The  following  data  taken  from  the  work  of  Morse,  shows 
that  when  concentration  is  expressed  on  the  weight-normal  basis, 
there  is  direct  proportionality  between  osmotic  pressure  and  con- 
centration.    The  figures  refer  to  solutions  of  dextrose  at  10"  C. 


UoUr  CuAomtfstiod. 

Ounolio  Freomrt. 

Pwe  l<nO  eta. 
WM«r. 

P«-  Lllar  erf 
SoluUoa. 

Ig  AlBDoa. 

Rdfttlv*  to  Fint 

w  Uaity. 

0    1 

0  2 
0.5 
1.0 

0  OM 
0.196 
0  474 
0  tt>l 

2  39 

4  m- 
11. m 

23  80 

1,00 
1.99 

4.98 
9.96 

Morse  and  his  co-workers  also  conclude  from  their  experiments 
at  temperatures  ranging  from  0°  C.  to  25"  C,  that  tlie  temper- 
ature coefficients  of  osmotic  pressure  and  gas  pressure  are  prac- 
ticall}'  identical.  In  other  words,  their  results  confirm  the 
conclusions  of  vau't  Hoff,  that  the  law  of  Gay-Lussac  is  applicable 
to  solutions.  The  results  of  the  experiments  of  Morse  are  of 
special  interest  in  connection  with  the  proposition  of  van't  Hoff, 
that  the  osmotic  pressure  of  a  dilute  solution  is  the  same  as  that 
which  the  solute  would  exert  if  it  were  gasified  at  the  same  temper- 
ature and  occupied  the  same  volume  as  the  solution.  The  data 
in  the  following  table  is  taken  from  the  work  of  Morse  on  solutions 
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ot  cuie  sugar  at  15°  C.     In  addition  to  tht;  ot)»en'cd  OBmoiioi 
fHcaeures,   the   tabic  contains   the   currcHpunding  gas  presHUres, 
calculated  (1)  on  the  assumption  that  the  Holute  when  gasified  | 
occupies  the  same  volume  an  the;  soltUion  (propwitiou  of  Van't ' 
Hoff)»  *nd  (2)  on  the  aissmnptiun  that  it  oecupiea  the  smne  volume 
as  the  solvent  alone. 


Vofar  Goacntntioa. 

OHinotic  rreoBuie  ia  Axna». 

Pv  lOOO  gm.  o( 
Water. 

P«r  Liter  of 

ISoiittkin. 

Ob». 

C*Ie.  («). 

Cd«.  (b). 

0.1  • 

0.2 
0,4* 
0«* 

0.8 
10 

0.098 
0  192 
0  369 
0  533 

■  o.e&i 

0  825 

2.48 

4.91 

9.78 

14.86 

20.07 

25.40 

2.30 

4.fil 

8  67 

12  61 

16.07 

19  38 

2.36 

4.70 
0  40 

]4,08 
18.79 
23  49 

The  calculated  pressures,  recordetl  in  the  last  column,  are  in 
much  closer  agreement  with  the  obsen't^d  osmotic  pressures,  than 
Are  the  calculated  pressures,  ret'orded  in  tl\e  fourth  column  of  the 
table.  The  proposition  of  van't  HofT  should  then  be  modified 
to  read  as  follows:  —  ^l  dissolved  substance  in  dilute  solution  exerts 
an  osmotic  pressure  equal  to  that  whick  il  v^ould  exert  if  it  u?ere  gas- 
ified  at  the  same  temperahtre,  and  the  volume  of  the  gas  were  reduced 
to  thai  of  the  solvent  in  the  pure  state.  The  iiivestigationn  of  Morse 
and  hib  co-workers  may  lie  summarized  thus:  —  (1)  the  law  of 
Boyle  in  applicable  to  dilute  solutions,  provided  the  concentration 
is  referred  to  1000  grams  of  solvent  imd  not  to  1  liter  of  solution; 
(2)  the  law  of  (Jay-Lussac  is  also  applicable  to  dilute  solutions, 
that  is,  the  temperature  coefficients  of  osmotic  pressure  and  gas 
pressure  are  equal,  and  (3)  the  small  departures  from  the  theo- 
retical values  of  the  osmotic  pressures  may  be  traced  to  hydration 
ttf  tlie  solute. 

Direct  measurements  of  the  osmotic  pressure  of  concentrated 
solutions  of  cane  sugar,  dextrose  and  iii:umi(c*  ha\-e  been  made  by 
the  Earl  of  Berkeley  and  E.  G.  J.  Hartley.*    The  method  em- 

*  Proc.  Roy.  Soc.,  73,  436  (1004);  Traiu.  Roy.  Soc.  A.,  306,  481  (190ft]. 
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ployed  by  these  invratigators  is  slightly  different  from  that  of 
Pfeffer  or  Morse;  the  tendency  of  wiitor  to  pass  through  the 
semi-pejineable  niemljnine  is  offset  by  the  application  of  a  roimter 
presfture  to  the  solution.  A  membrane  of  copper  ferrocyanide 
is  deposited  olectrolj'ticaMy  very  near  the  outer  surfare  of  a  tube 
of  porous  porcelain.  This  tube  is  place^d  co-axially  within  a  lai^c 
cylindrical  vessel  of  gun  metal,  an  absolutely  tight  joint  lictween 
the  two  being  secured  by  an  ingenious  s>*stejn  of  dcrmatine  rings 
and  clamps.  The  open  ends  of  the  porcelain  tube  are  closed  by 
rubber  stoppers  fitted  with  capillarj*  tubes  bent  at  right  angles, 
one  of  the  latter  being  pro\*ided  with  a  glass  stop-cock.  When  a 
determination  of  osmotic  prcssun;  is  to  be  made,  the  apparatus  is 
placed  in  a  horizontal  position  and  water  is  introduced  -into  the 
porcelain  tube,  completely  filling  it  and  the  connecting  capillary 
tubes  up  to  a  certain  level.  The  gun  metal  vessel  is  then  filled 
with  the  solution,  and  connected  with  an  auxiliary  apparatus  by 
mcaas  of  which  a  gradually  increasing  hydrostatic  pressure  can 
be  applied.  If  no  prr,ssure  is  applied  to  the  solution,  water  will 
pass  through  the  semi-permeal^le  membrane  into  the  solution,  and 
the  level  of  the  water  in  the  capillan,*  tubes  will  fall.  In  carr>'ing 
out  a  me-asurement,  therefore,  as  soon  as  the  solution  is  introduced 
into  the  gun  metal  vessel,  hydrostatic  pressure  is  applied,  the  mag- 
nitude of  the  pressure  being  so  adjusted  as  to  counterbalance  the 
osmotic  pressure  of  the  solution.  The  level  of  the  water  in  the 
capillary  tubes  serves  to  indicate  the  relative  magnitudes  of 
the  osmotic  and  hydrostatic  pressures.  When  the  level  of  the 
water  in  the  capillary  tubes  remains  constant,  the  two  pressures 
are  in  equilibrium.  The  following  are  the  values  of  the  equilibrium 
pressures  of  solutions  of  cane  supar,  dextrose  and  mannite  at  0*  C. 
It  must  be  rememlM?red  that  when  the  two  pressures  are  in  equi- 
librium, there  is  always  a  pressure  of  one  atmosphere  on  the  solvent. 
As  will  l>e  seen  the  pressures  developed  in  the  more  concen- 
trated solutions  are  enormous  and  it  is  a  surprising  fact,  that  even 
in  cases  where  the  highest  pressures  were  measured,  hardly  a 
trace  of  sugar  wa«  found  in  the  pure  solvent,  the  membrane 
retaining  its  proj>erty  of  si^mi-permealiility  throughout  the  entire 
range  of  pressures.    The  figures  in  the  third  column  are  calculated 
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CANE  SUGAR. 
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DEXTROSE. 
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iQ  the  assumption  that  there  is  direct  proportionality  between 
itic  pressure  and  concentration.  It  is  apparent  that  in  every 
the  observed  osmotic  pressure  is  greater  than  the  calculated. 

ilven  when  the  concentrations  are  expressed  on  the  weight-normal 
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being  traced  on  the  assumption  that  osmotic  pressure  may  bo 
calculated  from  the  equation,  PV  —  RT,  where  V  denotes  the 
volume  of  solvent  cuntauiing  1  mol  cf  cane  sugar;  and  curve  Bj 
K  straight  line,  being  drawn  on  the  ass^unption  that  osmotio 
pressure  may  be  calculatetl  from  the  wjuation,  PV  ~  RT,  where 
V  represents  the  volume  of  solution  containing  I  niol. 

While  the  theoretical  and  observed  values  of  the  osmotic  pres- 
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sure  are  approxiinatcly  equal  in  the  more  dilute  solutions,  it  is 
ubvious  that  the  ohsiTvetl  values  of  tlw?  tjsinotie  pn'ssure  of  the 
contiTitrated  sulutiuas  art;  always  greater  than  the  calculated 
values,  even  when  the  calculation  is  inude  on  the  assumption  that 
V  in  the  equation,  PV  =  RT,  is  the  volume  of  the  soKt^ut.  The 
abnonnally  high  osiiujtic  pressures  ohHer\*ed  by  the  Earl  of 
Berkeley  have  been  discussetl  by  Callendur  *  who  suggests  hydra- 
tion of  the  solute  as  a  probnhle  ('au-se. 

He  shows,  that  if  5  moleiMiles  of  water  are  assumed  to  be  asso- 
ciated with  each  molecule  of  cane  sugar  in  the  most  concentrated 
solutions  studied  by  the  Eur!  of  Berkeley,  the  {liscrepancy  Iwtween 
the  observed  and  calculateil  values  of  the  osmotic  pressure  dis- 
appears. 

Comparison  of  Osmotic  Pressures.  Alth«nigh  the  difficulties 
invnivwi  in  the  direct  ilHtermination  of  usuiutic  pressure  are 
many,  those  can  be  avoided  by  the  employment  of  one  of  several 
indirect  methods  which  have  l>een  devised  for  the  comparison  of 
osmotic  pressures.  All  of  these  methods  depend  upon  the  exchange 
of  water  which  occurs  when  two  solutions  are  separated  by  a 
semi-permeable  membrane.  The  movement  of  the  water  will 
always  be  in  such  a  direction  as  to  tend  to  equalize  the  osmotic 
pRtfiires  on  opposite  sides  of  the  membrane,  or,  in  other  words, 
the  transfer  of  water  will  take  place  from  the  solution  with  the 
kaser  osmotic  pressure  to  the  solution  with  the  greater  oamotio 
pressure. 

The  Plasmol3rtic  Method.  In  this  method,  solutions  of  various 
substances  are  prepared,  the  concentration  of  each  being  such 
that  its  osmotic  pressure  is  the  same  as  that  of  a  particular  plant 
«41.  Obviously  the  osmotic  pressures  of  all  of  these  solutions 
must  be  equal :  such  solutions  are  said  to  be  isotonic  or  uosviotic. 
The  plasmolytic  method  for  the  comparison  of  osmotic  pressures 
was  developed  by  the  Dutch  botanist,  De  Vries.f  Tliis  method 
depends  upon  the  shriukiug  or  swelling  of  the  protoplasmic  sac 
of  plant  cells  when  they  are  immersed  in  a.  solution  whose  oamotic 

•  Proc.  Roy.  Soc.  A.,  80,  466  (1908). 

t  Jahrb.  wiB8.  Botanik.,  14,  427  {\8&i);  Zeit.  phya.  Chem.,  3,  416  (1888);  3, 
108  C1889). 


i 


202 


THEORETICAL  CHEMISTRY 


pressure  differs  from  that  of  their  own  sap.  Dc  Vries  found  that 
the  eells  of  Tratiescantta  dit^color,  CuTCUtnn  ruhnaiulia,  luxd  Beyouia 
nuinicata  fulfil  the  necessarj'  conditions,  viz.;  tlie  eell  walls  are 
strong  and  resist  alteration  when  immersed  in  Solutions,  the  cells 
are  reailily  pr^nneable  to  water,  and  the  cell  contents  are  colored, 
thus  enabling  the  slightest  contraction  or  expimsion  to  be  de- 
tected. The  cell  walls  are  lined  on  the  inside  with  a  thin,  elastic, 
semi-iienneable  membrane  wliich  encloses  the  colored  cont<*nt« 
of  tlie  cell.  The  content  of  the  cell  consists  of  an  aqueous  solu- 
tion of  several  subetances,  among  which  may  be  mentioned 
glucose,  potiussium  and  calcium  malate,  ttq5ether  with  coloring 
matter.  The  osmotic  pressure  of  the  cell  contents  ranges  from 
four  to  six  atmospheres.  The  semi -permeable  membrane  expands 
when  the  contents  of  the  cell  increases  and  contracts  when  the 
contents  diminishes.  In  makii^  a  comparison  of  osmotic  pres- 
sures by  this  method,  tangential  sections  are  cut  from  the  under 
side  of  the  mid-rib  of  the  leaf  of  one  of  the  alxive  plants,  e.g., 
Tradetfcantia  discohr,  ami  are  placed  in  the  solution  who.se  txsmotic 
pressure  it  is  desiretl  to  compare  with  that  of  the  cell  contenti*. 
The  cells  are  then  olwyrved  under  the  microscope,  any  decrease 
in  pn'ssure  below  the  normal  resulting  in  a  detachment  of  the 
semi-permeable  membrane  from  one  or  more  points  of  the  cell 
wall.  This  contraction  always  occurs  when  the  cells  are  im- 
mersed in  a  comn^ntratetl  soUition,  the  j*henomenon  beii^  termed 
plasmolysin.  When  the  solution  in  which  the  cells  are  placed 
has  a  lower  osmotic  pressure  than  the  cell  contents,  no  visilde 
effect  is  produced,  the  increjiswl  pressure  wthin  the  cell  simply 
forcing  the  membrane  closer  to  the  rigid  cell  whIIs.  By  starting 
with  a  ctmcentrated  solution,  the  osmotic  pressure  nf  which  is 
greater  than  that  of  the  cell,  and  gradually  diluting  it,  a  concen- 
tration will  ultimat4'ly  be  reache<l  at  which  the  elastic  membrane 
will  just  coniplet(»ly  fill  the  coll.  This  solution  is  isotonic  with 
the  cell  contents.  In  this  method  the  very  reasonable  assump- 
tion is  made  that  all  of  the  cells  have  the  aame  osmotic  pressure, 
any  difference's  which  might  have  existed  having  equalized  them- 
Delves  in  the  living  plant.  The  microscopic  appearance  of  cells 
of  Tradescaniia  dwcolor  when  immersed  in  different  solutions  is 
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abftim  in  Fig.  63.     T\\v  appcti-rance  of  thn  normal  cell  when  im-  ^| 
meraed  in  water  or  in  a  Hoiution  whosr  osmotic  pressure  is  less  ^^ 
than  that  of  the  ceil  cdnttrnts,  is  shown  in  A.     When  the  cell  is 
immersed  in  a  0.22  molar  Holution  of  cane  sugar  it  appears  as  in 
B,  thk  solution  having  a  great^^r  osmotic  pressure  than  iho  cell 
caotenta.     \Mien  the  cell  is  imnicrsed   in  a  molar  solution  of 


Fig.  63. 

potassium  nitrate,  there  is  marked  plamnolj'sis,  as  shown  in  C. 
De  Vries  detennined  the  concentrations  of  a  large  number  of 
tohitionB  which  were  isotonic  with  the  cell  contents.  He  ex- 
Iireaaed  his  results  in  tcniis  of  the  isotonic  coefficienlj  which  he 
defined  as  the  reciprocal  of  the  molar  concentration.  The  iao- 
tonic  coefficient  of  potassium  nitrate  was  taken  equal  to  3.  A 
itw  of  De  Varies*  results  are  given  in  tlie  following  table. 


Subvlaflrs- 

FonnnU. 

CoBmcimt. 

Qlyeeral 

C.H,0. 

CiH.sOft 
C„H„0„  , 
C.H,0. 
C,H.O. 

c.n.a 

KNOi 
MgClt 

1  78 

1  81 

1.A8 
1.98 

2.02 

MagDeaium  chturulc  ...         

2.02 
3.00 
4  33 
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De  Vries  applied  the  plasmolj'tic  method  to  the  determination 
of  the  molecular  weight  of  raffinase.  At  that  time  there  was 
considerable  uncertainty  as  to  the  correct  formula  of  crj'stallized 
raffinose,  three  different  formulas,  all  consistent  with  the  results 
of  analysis,  having  been  proposed  as  follows;  —  CtsHaOis. 
6H,0,  CuH«0„.3  HsO,  and  CaeHsiOaa.  De  Vries  found  that  a 
3.42  per  cent  solution  of  cane  sugar  was  isotonic  with  a  5.96  per 
cent  solution  of  raiRuose.  Letting  the  unknown  molecular 
weight  of  raffinose  be  represented  by  M,  then 

3.42:5.96  ::342:M. 

Solving  the  proportion  we  have,  M  =  596.     This  result  has  since 
been  confirmed  by  purely  chemical  ruethods,  and  the  formula, 
CuH3iOi«.5  HjO,  the  molecular  weight  of  which  is  594,  is  thus 
'  established. 

The  Blood  Corpuscle  Method.  The  red  blood  corpuscle  is  a 
cell,  the  contents  of  which  is  enclosed  by  a  thin  elastic  semi- 
permeable membrane.  Unlike  the  plant  cells,  there  is  no  resistant 
cell  wail  to  give  support  to  the  membrane,  so  that  when  red  blood 
corpuscles  are  immersed  in  water  they  at  first  swell,  owing  to  the 
osmotic  pressure  developed,  and  finally  burst.  Wlien  the  mem- 
brane is  ruptured,  the  coloring  matter  of  the  cell,  the  bffimc^lobin, 
escapes  and  the  water  acquires  a  deep  red  color. 

Advantage  of  this  behavior  of  red  blood  corpuscles  was  takax 
by  Hamburger  *  for  the  comparison  of  osmotic  pressures.  He 
found  that  when  a  1.04  per  cent  solution  of  pota.«siuni  nitrate 
is  addeil  to  the  defibrinated  blood  of  a  bullock,  the  corpuscles 
will  settle  completely  to  the  bottom,  while  the  supernatant  liquid 
will  remain  clear.  On  the  other  hand,  if  a  0.96  per  cent  solution 
of  potassium  nitrate  is  used,  the  corpuscles  will  not  settle  and  the 
Bupematant  liquid  becomes  colored.  If  more  dilute  solutions  of 
potassium  nitrate  are  used,  the  solution  aaquires  a  still  deeper 
color.  By  careful  adjustment,  a  concentration  of  potassium 
nitrate  can  be  found  in  which  the  red  blood  corpuscles  will  just 
settle.  In  like  manner,  the  concentration  of  solutions  of  other 
substances  can  be  so  adjusted  as  to  cause  the  precipitaticm  of  the 

*  Zeit.  pbys.  Chem.,  6,  319  (1890). 
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corpu^lcs.  These  sulutiona  are  isotunic.  Witliout  ^oiug  into 
details,  it  nxay  be  said  that  tl»e  isotonic  coefEcienta  obtained  by 
Hamburger,  agree  well  with  Ihuse  obtained  by  the  plaaiuolytic 
method. 

The  Hematocrit  Method.  In  this  method  developed  by 
Hftlin,*  advantage  is  again  taken  of  tlie  properties  of  red  blood 
wipuacles.  Aa  hae  already  been  stated,  when  red  blood  cor- 
poscles  are  immersed  in  solutions  of  gradually  diminishing 
eoncentration  of  the  same  solute,  they  continue  to  swell  and  ulti- 
mately the  semi-permeable  envelope  bursts.  On  the  other  hand, 
when  the  corpuscles  are  immersed  in  solutions  of  gradually  increas- 
coneent ration r  they  shrink,  owing  to  the  transfer  of  water 
the  corpuscles.  It  is  apparent  that  there  must  be  a  certain 
tration  for  each  solute  which  will  cause  no  change  in  the 
le  of  the  corpuscles.  To  determine  this  concentration,  use 
loade  of  an  instrument  known  as  an  hcematocrit.  This  is 
iply  a  graduated  thermometer-tube  w^hich  may  be  attached  to 
e  spindle  of  a  centrifugal  machine.  Wlien  the  spindle  is  re- 
ived at  liigh  speed,  the  corpuscles  collect  in  the  bottom  of  the 
uated  tube.  A  measured  volume  of  blood  is  centrifuged 
mtil  uo  further  shrinkage  in  volume  of  the  corpuscles  can  be 
Jetecled  in  the  hseraatocrit.  The  same  volume  of  blood  is  then 
kided  to  each  of  a  series  of  solutions  whose  concentration  dimin- 
rfies  progressively,  and  the  volume  of  the  corpuscles  Is  determined 
Is  in  pure  blood.  In  this  way  the  concentration  of  the  solution 
h  found,  in  which  the  volume  of  the  corpuscles  is  the  same  as  in 
the  undiluted  blood.  By  proceeding  in  a  simihu  manner  with 
Solutions  of  -different  substances,  a  series  of  isotonic  coefficients 
<ui  be  detenn'med.  The  following  table  gives  a  comparison  of 
the  isotonic  coefficients  of  various  substances  obtained  by  the 
plfismolytic,  blood  corpuscle  and  haematocrit  methods.  The  iso- 
t<mic  coefficients  are  referred  to  that  of  cane  sugar  hn  unity. 

There  are  other  methods  which  may  be  used  for  the  comparison 
<rf  osmotic  pressures,  among  which  may  be  mentioned  that  due  to 
Wladimiroff.t  involving  the  use  of  bacteria,  and  the  interesting 

•  Iliid.,  17,  104  (1895). 

t  Zeil.  phys.  Cheui.,  7.  529  (1891). 
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BAtitMUcm. 

PlunK-lytte 
Mvthod. 

CVuvwel* 
Mvthod. 

BjHtMwmi 
Umhai. 

CnllnOn 

1  00 
1  09 
1  67 
I  69 
1.67 
2.40 

1  00 
I  27 
I  74 

1  75 
LOO 
2.36 

1  00 

MgSOi      , 

I  10 

NaCI  

CHiOOOK 

1  84 
1  74 
1  07 

ChCU 

2.33 

method  developed  by  Tammaim,*  in  which  arlificialty  preparwi 
membranes  are  employed. 

Osmotic  Pressure  and  Diffusion.  That  there  is  a  very  clow 
connection  between  osmotic  pressure  and  diffuaiou,  has  already 
been  pointed  out.  In  fact  the  osmotic  prcaaure  of  a  solution  may 
be  regarded  as  the  driving  force  which  causes  the  molecules  of  A 
dissolved  subgtanco  to  distribute  themselves  uniformly  through- 
out the  solution. 

The  process  of  diffusion  was  first  systematically  investigatetl 
by  Graham  t  m  1850,  but  it  was  not  until  five  years  later  that 
the  general  hiw  of  diffusion  was  enunciated  by  Fick.J  He  proved 
theoretiettUy  and  experimentally  that  the  quantity  of  solute,  di, 
which  diffuses  through  an  area  .4,  in  a  time  di,  when  the  concen- 
tration changes  by  an  amount  dc,  in  a  distance  dx,  at  rig}it 
angles  to  the  plane  of  A,  is  given  by  the  equation 

d«=  -DA^dt, 

dx    ' 


in  which  /)  is  a  constant,  known  as  the  coeJ^cierU  of  di^usian. 
Interpreting  tlie  equation  of  Fick  in  words,  we  see  that  the  coeffi- 
cient of  diffusion  is  the  amount  of  solute  which  will  cross  1  square 
centimeter  in  1  second,  if  the  change  of  eouiintration  per  cesiii- 
meter  is  unity. 
^  The  phenomena  of  diffusion  have  ahio  been  inveetigated  by 

•  Wiod.  Ann..  34,  299  (1S88). 

t  Hiil.  TroiiB.  (1850),  p.  1.  SOG;  ClS&I),  p.  48a 

t  Pogg.  Awi.,  M.  M  (18fi6). 
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Nemst  *  and  Planck.f  If  we  have  a  tall  cylindrical  vessel  con- 
taining a  solution  of  a  non-electrolyte  in  its  lower  part,  and  pure 
water  at  the  top,  the  solute  will  slowly  diffuse  upward  into  the 
water. 

Assuming  the  osmotic  pressure  at  a  height  x,  to  be  P,  and  letting 
A  denote  the  area  of  cross-section  of  the  cylinder,  the  solute  in 
the  layer  whose  volume  m  A  dx,  will  be  subjected  to  a  force  equal 
\o  —  A  dP,  the  negative  sign  indicating  that  the  force  acts  in  the 
direction  of  diminishing  pressure.  If  c  is  the  concentration  in 
mols  per  cubic  centimeter,  the  force  acting  on  each  molecule  in 
this  layer  will  be 

cA    dx  c    dx 

Let  F  denote  the  force  necessary  to  drive  a  single  molecule  through 
the  solution  with  the  velocity  of  one  centimeter  per  second.  Since 
the  velocity  is  constant,  the  resistance  due  to  the  viscosity  of  the 
medium  must  also  be  denoted  by  F.  The  velocity  attained  will 
be 

_  J_  dP 
cF'  dx' 

If  dN  represents  the  nimiber  of  molecules  crossing  each  layer  in 
a  time  ^,  then,  since  the  number  crossii^  unit  area  per  second 
is  proportional  to  the  concentration  and  to  the  mean  velocity  of 
the  molecules,  we  shall  have 

dN  =  ~  ~~Acdt, 
cF  dx  ' 

or, 

^^^-F^li^^' 

When  the  solution  is  dilute,  we  may  apply  the  general  equation, 
PV  —  RT,  remembering  that  V  —  1/c.  Substituting  in  the  pre- 
ceding equation,  we  have 

,„  RT  .  dc  ,, 

dN  = j^  A-j-dt. 

F      dx 

•  Zeit.  phys.  Chem.,  2,  40,  615  (1888);  4.129  (1889). 
t  Wied.  Ann.,  40,  561  (1890). 
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Compariiig  this  u<|uatiuii  wltli  tlial  of  Fick,  we  see  that  thf* 
coefficient  of  tlilTusiun  D,  corresponds  to  the  fuclor,  RTfF.  From 
the  equation  of  Nemst  it  is  po(»ible  to  calculate  the  force  required 
to  drive  a  molecule  of  solute  through  the  solution  with  unit  vekic- 
ity.    Thus,  solving  the  alwve  e<^urttion  for  F,  we  have 


f  =  - 


By  means  of  this  equation,  it  has  been  calculated  that  the  forw 
ncce88ar>'  to  drive  one  molecule  of  fomuc  acid  through  walirr 
with  a  velocity  of  one  centimeter  per  second  at  0"  C.  is  equal  to 
the  weight  of  4,340,(KX),000  kilogmms.  U  is  difriciiil  at  first  to 
realize  that  such  enormous  forciw  arc  operative  in  solutions,  but 
when  one  considers  the  minute  sikc  of  the  molecules  and  the  great 
resistance  offered  by  the  medium,  it  l>ecomes  evident  that  a  very 
large  driving  force  must  be  applied  to  produce  an  appreciable 
movement  of  the  solute  through  the  solution. 

Principle  of  Soret  If  a  solution  is  maintained  at  a  uniform 
temperature  it  will  ultimately  become  homogeneous;  if,  cm  the 
other  hand,  two  parts  of  a  homogeneous  solution  arc  kept  at 
different  temperatures  for  some  time,  the  solution  will  beeome 
more  concentrated  in  the  colder  portion.  This  phenomenon  wa« 
first  investigated  by  Soret.*  The  evperimcnts  of  Soret  are  of 
special  interest,  since  they  furnish  a  means  of  detcnnining  the 
influence  of  temperature  on  osmotic  pressure.  Thus,  U  ti»r  law 
of  Gay-Lussac  holds  for  osmotic  pressure,  the  colder  portion  of  a 
solution  should  increase  in  concentration  by  1/273  for  each  degree 
of  difference  in  temperature.  The  experimental  resultA  are  in 
satisfactory  agreejnent  with  the  requirements  of  theorj*,  and  eon- 
Htitute  another  proof  of  the  applicability  of  the  gas  laws  to  dilute 
sotutiom*. 

Lowering  of  Vapor  Pressure.  It  has  long  been  known  that 
the  vapor  pn'ssure  of  a  sohitiun  is  less  than  that  of  the  pure  «>1- 
vent,  provided  the  solute  is  non-volatile.  Tlie  investigutiomt  of 
von  Babo  and  Wtillner  t  o\i  the  lowering  of  vapor  pressure  of 

*  Ann.  Chem.  Pbys.  (5),  »»  293  (1881). 
t  Fogg.  ^Vnn.,  103,  53d  (1858). 
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ranous  Uqukls  when  nun-volatile  aubslimccs  luv  (Us.solv(*d  iu 
ttiem,  resulted  in  the  following  gi-nenilizutionH: —  (I)  Tfie  Urwer' 
ing  of  the  vapor  pressure  of  a  solution  is  proportional  to  the  amount 
ir/  solute  present ;  nnd  (2)  For  the  name  solution,  the  lowering  of  the 
vapor  /we-s.vurc  of  the  solceni  by  a  ?ion-volaiile  solute  is  at  all  tempera- 
iurea  a  constant  frtuiion  of  the  vapor  pressure  of  the  pure  solvenl. 

In  1887,  Raoult,*  as  the  result  of  an  exhauative  experimental 

investigation,  enunciated  tlie  following  laws: — (1)  When  equi- 

mokeular  quantities  of  different  non-volatile  solutes  are  dissolved  in 

vpial  po/umc*  of  the  same  soh>entf  the  vapor  pressure  of  the  Holvent  is 

kwred  by  a  constant  amount;    and  (2)  The  ratio  of  the  observed 

lowering  of  tfie  vapor  pressure  to  the  vapor  pressure  of  the  pure  aol' 

wait  it  equal  to  the  ratio  of  Ike  number  of  mols  of  solute  to  the  total 

number  of  mols  in  the  solution.    The  ratio  of  the  ob6erve<i  lowering 

lo  the  orifpnal  vapor  pressure  is  called  the  relative  lowering  of  the 

npor  pressure.     Letting  p\  anid  pz  denote  the  vapor  preaflurex  of 

Eolvent  and  eoiutiuu,  Kaoult'B  Hecoud  law  may  be  put  in  the 

form 

pi  -  p»  ^      n 
pi  N-^n* 

b  which  n  and  N  represent  the  number  of  mols  of  solute  and 
solvent  respectively.  Some  of  Raoult's  results  for  ethereal  solu- 
tions are  given  in  the  accompanying  table. 


BubstaiMM. 

Mols  of  Sohte 
p«r  100  moll 
of  Solutioa. 

for  UolDtioD. 

for  1  roobr 

pamnt 
bolatkiii. 

Tmpentine                

8  05 
201 

9  60 
7  175 

11.41 
7.65 

0.0S85 
0  026 
0  061 
0.070 
0.120 
0.081 

0.0009 
0  0069 

0  0095 

0  0097 

0.0105 
0  0105 

The  resulto  given  in  the  fourth  column  of  the  table  are  nearly 

*  Compt.  rend.,  104,  1430  (1SS7);  Z«it.  phys.  Cbem.,  i^  372  (18S8);  Ann. 
OeiL  Fhys.  (6),  15.  375  (1888). 
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=  0.0099. 


constant,  and  are  in  close  i^eement  with  the  theoretical  value 
of  the  relative  lowering  of  a  1  molar  per  cent  solution  calculated 
as  follows:  — 

pi  100+1 

"When  the  solution  is  very  dilute,  the  number  of  mols  of  8olut« 
is  n^^ble  in  comparison  with  the  number  of  mols  of  solvent, 
and  the  equation  of  Raoult  may  be  written 

pi  —  Jh     _n 

Vi  N' 

Since  n  «  p/m,  and  N  =^  W/J^,  where  g  and  W  are  the  weights  of 
solute  and  solvent  respectively,  and  m  luid  M  are  the  correspond- 
ing molecular  weights,  the  alwve  e^juation  becomes 

pi  -  pa  ^  gM 

pi  Wm 

This  equation  enables  us  to  calculate  the  molecular  weight  of  a 
dissolved  substance  from  the  relative  lowering  of  the  vapor 
pressure  produced  by  the  solution  of  a  known  weight  of  solute  in 
a  known  weight  of  solvent.  Solving  tbe  equation  for  m,  we 
have 

_  pW         Pi 
W     pi-pi 

Ab  an  illustration  of  the  application  of  this  equation,  we  may 
take  the  determination  of  the  molecular  weight  of  ethyl  beneoate 
from  the  following  experimental  data:  —  The  vapor  pressure  at 
80°  C.  of  a  solution  of  2.47  grams  of  ethyl  benzoate  in  100  grams 
of  benzene  is  742.6  mm.:  the  vapor  pressure  of  pure  benzene  at 
80°  C.  is  751.86  mm.    Substituting  in  the  equation,  we  have 

2.47  X  78  751.5 


m  — 


100 


751.86-742.6 


=  156. 


The  molecular  weight  calculated  from  the  formula,  C»H»COO.CsHi. 
is  150. 

The  difficulties  which  attend  the  accurate  measurement  of  tbe 
vapor  pressure  of  a  solution  by  the  static  method  have  already 
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I  menlioiUKi.  While  there  are  other  methods  wliich  arc  pref- 
le  for  the  detennination  of  the  inuleciUar  weight  of  dissolved 
tanees,  the  va|x>r  pressure  method  has  out?  marked  advan- 
,  —  it  can  be  used  for  tlie  same  solution  at  widely  divergent 
peraturt's.  The  meth<xl  devised  by  Walker  and  already 
fribed  in  connection  with  tiie  determination  of  the  vapor 
sure  of  pure  liquids  (p.  92)  is  well  adapted  to  the  measure- 
it  of  thf  vapor  pressure  of  solutions. 

onnection  between  Lowering  of  Vapor  Pressure  and  Osmotic 
ssure.  The  relation  between  osmotic  pressure  and  the 
?ring  of  vapor  pressure  has  btn^n  derived 
the  following  manner  by  Arrhonius.* 
.^ne  a  very  dilute  solution  contained  in 
wide  glass  tube  A,  Fig.  64.  The  tube, 
is  closed  at  its  lower  end  with  a  semi- 
neable  membrane,  and  dips  into  a  vessel, 
which  contains  the  pure  solvent.  The 
re  apparatus  is  covered  by  a  bell-jar  C, 
the  enclosed  space  exhausted.  Let 
be  the  difference  in  level  between  the 
ent  and  solution  when  equilibrium  is 
.blishedf  that  is,  when  the  hydrostatic 
■arc  of  the  column  of  liquid  is  equal  {■o 
ntanotic  pressure.  When  equilibrium  is 
oned,  the  vapor  pressure  of  the  solution  ^jg  54 

i  will  be  equal  to  the  vapor  pressure  of 
solvent  at  this  height.    If  the  vapor  pressure  of  the  puresol- 
t  is  pi,  and  pi  is  the  vapor  pressure  of  the  solution  at  k,  we 
1  have 

pi  -  Ps  -  hd,  (1) 

ire  rf  denotes  the  den.sity  of  the  vapor.  Let  v  be  the  volume  of 
ol  of  solvent  in  the  state  of  vapor,  then 


*  Zai.  phya.  Chem.,  3,  115  (1889). 
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If  the  molecular  weight  of  the  solvent  is  Af,  we  may  replace  v 
by  M/d,  when  the  preceding  equutinn  l>ecome8 

M^RT 
d        pi  ' 


tf. 


**       RT 


(2) 


The  solution  being  verj-  dilute  the  osmotic  pressure  may  be  cal- 
culated from  the  equation 

PV  =  nRT, 

where  P  is  the  osmotic  presssure  of  the  Bolution,  V  the  volume 
of  the  Rolution  contjiiriiug  1  mol  of  solute,  and  n  the  number  of 
mols  of  solute  present.  If  s  represents  the  density  of  the  solvent 
and  also  of  the  solution^  since  it  is  very  dilute,  we  may  write 

P-=h8, 
and 


where  g  is  the  number  of  grams  of  tlie  solvent  in  which  the  n 
mols  of  solute  are  dissolved.  Substituting  these  values  of  P  and 
V  in  the  general  equation,  we  have 

PV^nRT  =  hg, 
and  solving  for  hf 

(3) 


k  = 


9 


Substituting  the  values  of  d  and  ft,  given  in  equations  (2)  and 
(3),  in  equation  (1)  we  have 


n  RT     Mpi      n  Jlfp, 


(4) 


Rearranpng  equation  (4),  and  remembering  that  N  =  g/M,  we 
obtain 

Pi~Pi  _n  .. 

P,      'N'  ^*' 

This  equation  it  will  be  seen,  is  identical  with  that  derived  experi- 
mentally by  Raoult  for  very  dilute  solutions. 
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Van't  Hoff  showed,  l>y  an  fii)plicntion  of  thermodynamics  to 
dilutp  »)liitionK,  that  the  rE'latiun  Ix-tween  osniotlc  pressure  and 
thf  relative  lowering  of  the  vapor  jirossure  is  exprcisscd  by  the 
pquation 

Vi-Pt      ML 

in  wbich  the  symbols  have  the  same  significance  as  above.     This 
equation  may  .be  recont'iIe<l  ejiwilj-  with  the  equation  of  Raotilt. 
If  n  in  equation  (5)   be  replaced    by  its  equal,  PV/RT,  the 
cqu&tion  becomes 

Pi-Pi_    PV 

p,        nht' 

But  V  -  NM/st  hence 

Pi  -  ;/,  _  MP 

pi      "  eRT' 

This  effuaiion  aHows  that  the  relative  knvering  of  the  vapor  presmre 
is  dirediy  proptyriwntd  to  the  osmotic  pressure. 

Elevation  of  the  Boiling-Point.     Just  as  the  vapor  pressure  of 
aolution  is  less  than  that  uf  the  pure  solvent,  so  the  IwtUng-point 
of  a  solution  is  correspond uigly  liigher  than  the  builing-point  of 
the  solvent.     It  follows  that  when  equiinolecular  quantities  of 
different  rtul)stances  are  dissolved  in  e<|ual  volumes  of  the  same 
solvent,  the  elevation  of  the  Ijoi ling-point  is  con.stant.     Thus,  the 
molecular  weight  of  any  soluble  sulKttance  may  be  determined  by 
comparing  its  effect  on  the  boiling-ixiint  of  a  particular  solvent, 
with  that  of  a  salute  of  known  molecular  weight.     The  elevation 
in  boiling-point  produced  by  <Hsso1viug  t  mol  of  a  solute  in  100 
grains,  or  100  cubic  centimeters,  of  a  solvent  is  termed  the  molec- 
ular elevaHoTit  or  hmling-ixnnl  conaUiiU  of  the  solvent.     In  deter- 
mining the  boiling-p(jint  constant  of  a  solvent,  a  fairly  dilute 
aolution  is  employed  and    the   elevation  in  the  boiling-pomt  is 
observed;    the  value  of  the  (xjnstant  is  then  calculated  on  the 
Msumption  that  the  elevation  in  boiling-point  is  proportional  to 
the  concentration. 

If  ij  grams  of  a  substance  of  unknown  molecular  weight  m, 
aro  dissolved  in  W  grams  of  solvent,  and  the  boiling-point  is  raised 
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A  degrf^R,  then,  8ince  m  grams  of  the  substance  when  dissolved 
in  100  ffrarns  of  solvent,  prixiuce  an  elevation  of  K  de^ees  (the 
mult'culur  elevation),  it  follows  that 

lOOff 

w 

therefore, 


.^::m:K, 


The  aceompanying  table  gives  the  ImiHr^-point  constants  for 
100  granis  and  100  cubic  centimeters  of  some  of  the  more  coni- 
mon  solvents. 


Solvwt, 

Molecular  Elovstkni. 

lOncr. 

IMce. 

Water 

5  2 
11  5 
21  0 
167 
26  7 
35.6 
30.1 

£.4 

Ethyl  alcohol 

15  6 

Ether               

30  3 

22  2 

32.8 

As  an  example  of  the  calculation  of  the  molecular  weight  of  a 
dissolved  substance  by  tlie  above  formula,  we  may  take  the 
calculation  of  the  molecular  weight  of  camphor  in  acetone  from 
tbe  foUomng  data:  — 

When  0.674  gram  of  camphor  is  dissolved  in  6.81  grams  of 
acetone,  the  boiling-point  of  the  solvent  is  raised  1*'.09.  Substitut- 
ing in  the  formula,  we  have 

0.674 


m  =  100  X  16.7  X  ; 


=  151. 


6.81  XI. 00 

The  molecular  weight  of   camphor  according  to  the  formu 
Cifi  HuO,  is  1.52. 

The  molecular  elevation  of  the  boiling-point  can  be  calculated 
by  means  of  the  formula, 


f 


K^ 


0.02  7^ 

1 

w 


J 


I 

I 

I 


\ 


I 
I 


in  which  T  is  the  absolute  boiling-point  of  the  solvent,  and  w  ia 
tbe  heat  of  vaporization  for  1  gram  of  the  solvent  at  its  boiling- 
point-     This  formula  will  be  derived  in  a  subsequent  paragraph 
of  this  chapter.    The  calculated  values 
of  K  are  in  close  agreement  with   the 
values  obtained  experiment-ally  by  Raoult 
and  others.    As  an  example,  the  calcu- 
lated value  of  the  molecular  elevation 
for  water,   the   heat  of  vaporization  of 
which  at  100"*  C.  is  637  calorics,  is 


K  = 


0.02  X  (373)' 
537 


=  5.2» 


a  valup  in  exact  agreement  with  the  exper- 
imental value  given  in  the  table. 

Experimental  Determination  of  Mo- 
lecular Weight  by  the  Boiiing-Point 
Method.  One  of  the  simplest  and  most 
convenient  of  the  various  forms  of  appa- 
ratus which  have  been  devised  for  the 
determination  of  the  boiling-point  of 
solutions,  is  that  developed  by  Jones,* 
and  shown  in  Fig.  65,  The  liquid  whose 
boiling-point  is  to  be  determined  is  intro- 
duced into  the  vessel  A,  which  already 
contains  a  platinum  cylinder  P,  em- 
bedded in  some  glass  1x;ads.  SuHScient 
liquid  is  mtroduced  to  insure  the  coin- 
piete  covering  of  the  bulb  of  the  ther- 
mometetj  as  shown  in  the  sketch. 

The  side  tube  of  i4  is  connected  with  a  condenser,  C.  The 
vessel  A,  is  surrounded  by  a  thick  jacket  of  asbestos  J,  and  rests 
on  a  piece  of  asbestos  board  in  which  a  circular  hole  is  cut,  and 
over  which  a  piece  of  wire  gauae  is  placed.  The  liquid  is  heated 
by  means  of  a  burner,  B.  The  platinum  cylinder  is  the  feature 
which  differentiates  this  apparatus  from  the  various  other  forms 

*  Am.  Chem.  Jour.,  19,  581  (1897). 


Fig.  65. 
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of  boiling-point  appamtuis.     U  has  the  two-fold  object  of 
venting  the  condensed  s<jlvi'nt  from  coming  in  direct  contact 
the  bulb  of  the  thermometer,  :uid  of  reducing  tlie  effect  of  radii 
tion  to  a  tniniuimu.    The  liquid  hi  vl  is  boiled,  using  a  very  small 
flame,  until  the  thermometer  remains  constant;  this  temperature 
is  taken  u.^  the  boiliug-|}o'mt  of  the  liquid.    The  apparatus  i&  now 
emptied  and  dried.     A  weighed  amount  of  the  liquid  is  then  intro- 
duced into  -1,  aud  to  this  is  added  a  known  weight  of  solute;   the 
theniiometer  is  replaced  and  the  boiling-point  of  the  solution  is 
determined.    The  difference  between  Uie  reading  of  the  thermom- 
eter when  immersed  in  the  solution,  and  in  the  solvent  alone,  ^ves 
the   boiling  point  elevation.     For  further  details  concerning  the 
boiling-point  method  as  applied  to  the  determination  of  molecular 
weights,  the  student  is  referred  to  any  one  of  the  standard  labo- 
ratory manuals. 

Osmotic  Pressure  and  Boiling-Point  Elevation.  Imagine  a 
dilute  solution  containing  »  niols  of  solute  in  G  grams  of  solvent, 
and  let  dT  be  the  elevation  in  the  boiling-point.  Suppose  a  lai^ 
quantity  of  the  solution  to  be  introduced  into  a  cylinder,  fitted 
with  a  frictionless  piston,  and  closed  at  the  bottom  by  a  aemi* 
permeable  membrane.  Let  the  cj'linder  and  contents  be  raised 
to  the  absolute  temperature  T",  the  boiling-point  of  the  solvent, 
and  then  let  pressure  be  exerted  on  the  pwton  just  sufficient 
to  overcome  the  o.smotic  pressure  of  the  solution.  In  this  way,  let 
a  quantity  of  solvent  corresponding  to  I  mol  of  solute  be  forced 
through  the  semi-perm eablo  membrane.  The  volume  F,  thus 
expelled  is  the  volume  corresponding  to  G/n  grams  of  solvent. 
If  the  osmotic  pressure  of  the  solution  is  P,  then  the  work  done  in 
moving  the  piston  and  expelling  the  solvent  is  PV.  Now  let  the 
portion  of  the  solvent  which  has  been  forced  through  the  semi- 
permeable membrane  be  vaporized.  For  this  operation  G/n,^M 
calories  will  be  required,  w?  being  the  heat  of  vaporization  for^^ 
gram  of  solvent  at  its  boiling-point.  Then  let  the  entire  system 
be  raised  to  the  boiling-point  of  the  solution  (T  -f-  dT)*',  the  pre- 
viously expelled  G/n  grams  of  vapor  being  allowed  to  mix  with 
the  solution.  The  heat  of  vaporization  lost  at  V  is  thus  recov- 
ered at  the  slightly  higher  temperature,  {T  +  dT)''.     Fmally,  the 


entire  syatooi  is  cooled  U»  7^,  and  Ls  thus  restored  Ut  ita  original 
Bta(e.  Applying  tlie  well-known  tberiitodyiiatnic  relatiun,  that 
the  ratio  oi  the  work  done  to  the  heat  absorbed,  is  the  »anie  as 
the  ratio  of  tlie  difference  in  temperature  to  the  absolute  initial 
temperature  of  the  sytitem,  we  have 

PV    ^dT 

G  T  ' 

—  •  w 
n 

therefore, 

w       G  ^  ' 

But,  since  PV  =  RT,  equation  (1)  may  be  written 

w      O 

If  n  =  1  and  G  =  100  grams,  then  dT  =  K,  (the  molecular  eleva- 
tion of  the  boiling-point),  or 


K  -= 


100  u; 


Or  puttmg  R  =  2  calories,  we  have 

K  = 


0.02  T» 
to 


(2) 


Equation  (1)  shows  that  the  osmotic  pressure  of  a  soluiixm  is  directly 
proportional  to  the  elevation  of  the  boiling-point.  Equation  (2)  was 
originaUy  derived  by  van't  Hoff  at  about  the  tiine  when  Raoult 
determined  the  values  of  K  experimentally. 

Lowering  of  the  Freezing-Point.  Of  all  the  methods  employed 
for  the  detennination  of  iiiolecuJur  weights  in  solution,  the  frcez- 
iag*point  method  is  the  most  accurate  aud  the  most  widely  used. 
It  was  pointed  out  by  Blngden  *  over  a  centurj'  ago,  that  the  de- 
prrmon  of  the  freezing-point  of  a  soh^enl  by  a  dissolved  substance  is 
diredly  praportional  to  the  concentration  of  the  solution.  When 
wiuimoleculnr  quantities  of  different  substances  are  dissolved  in 
equal  volumes  of  the  same  solvent,  the  lowering  of  the  freezing- 
point  is  constant.     The  molecular  weight  of  any  soluble  sub- 

•  I'bil.  TruiiB.,  78,  277  (1788). 
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Stance  can  be  found,  as  in  the  boilin(!:-point  rnelluMl,  by  comparing 
its  effect  on  the  freezing-point  of  a  solvent  with  that  of  a  solut« 
of  knouu  molecular  weight.  The  molecular  hwering  of  the  freezing- 
point,  or  the  freezing-point  consiGnt,  of  a  solvent  i«  defined  cus  the  de- 
pression of  the  freezing-point  produced  by  disHolving  1  mol  of  aoJuie 
in  1 00  grains  or  1 00  cubic  centimeters  of  aolvent.  The  freezing-point 
constanis  of  a  few  common  solvents  are  given  in  the  following  tuble. 


Solvnt. 

Moteculttf  niniiriinn 

Itttir. 

100  «e. 

Water 

1S.& 

fiO 
74 
89 
30 

18.5 

56 

41 

Van't  Hoff  slutwed  that  the  molecular  lowering  of  the  freezing- 
point  of  a  sijlvent  A',  can  be  cnlculated  from  the  aI>solute  freez- 
ing-point 7^,  and  the  hiv.it  of  fusion  w,  for  1  gram  of  solvent  at 
the  temperature  T,  by  means  of  the  formula 

to 

This  expression  is  analogous  to  that  which  applies  to  the  molec- 
ular elevation  of  the  boiling-point.  The  agreement  l>etween  tlie 
observed  and  the  calculated  values  of  K  is  verj'  satisfactory,  as 
the  following  calculation  for  water  shows:  — 

^      0.02  X  (273)^      ,g. 

r^  K- ^^—  =  18.6. 

It  is  of  interest  to  note  that  the  calculated  value  of  K  for  water  is 
lower  than  the  experimental  values  originally  obtained  by  RaouII 
and  others.  Subsequent  experiments,  carried  out  with  greater 
care  and  better  apparatus,  by  Raoult,  Abegg  and  Loomis  gave 
values  in  close  agroemeut  with  that  deriveii  theoretically.  A 
fonnula  analogous  to  that  employed  for  the  calculation  of  the 
molecular  weight  of  a  dissolved  substance  from  the  elevation  it 


in  the  boiling-point  of  a  solvent,  may  he  used  for  the 
Ktton  of  moleeuUir  weight  from  freezing-point  depression. 
Thus,  if  g  granis  of  solute  when  dissolved  in  H'  grfuiis  of  solvent 
produce  a  depression  i^  of  the  freezing-point  of  tiie  iK)lvent|  the 
molecular  weight  m,  is  given  by  the  formula 


VI.  =  100K 


Q 

Air' 


where  K  is  the  molecular  lowering  of  the  freezing-point. 

Example.     WTjen   3.458  grams  of  acetone  are  dissolved   in 
100  grams  of  benzene,  the  freezing-jx^int  of  the  solvent  is  de- 
l-22**r  therefore  the  molecular  weight  of  acetone  is 

1.4.58 


m  =  100  X  50  X 


1.22  X  100 


=  59.8. 


The  molecular  weight  of  acetone,  calculated  from  the  formula 
C»H,0,  is  58. 

In  order  to  obtain  trustworthy  results  with  the  freezing-point 
method,  it  is  necessarj-  that  only  the  pure  solvent  separate  out 
when  the  solution  freezes,  and  that  excessive  overcooling  be 
av<Mded.  When  too  great  overcooling  occurs,  the  subsequent 
freezing  of  the  solution  results  in  the  seiiarittion  of  so  large  an 
amount  of  solvent  in  the  solid  state,  that  the  observed  freezing 
point  corresponds  to  the  equilibrium  temperature  of  a  more 
concentrated  solution  than  th.it  originally  prepared.  A  formula 
for  the  correction  of  the  concentration,  due  to  excessive  overcooliu^, 
has  been  derived  by  Jones.*  If  the  overcooling  of  the  solution 
in  degrees  be  represented  by  u,  the  heat  of  fusion  of  1  gram  of  sol- 
vent at  the  freezing-point  by  it',  and  the  specific  heat  of  the  sol- 
vent by  c,  then  the  fraction  of  the  solvent  which  will  solidify,  /, 
iBfty  be  calculated  by  the  formula, 

f  =  —. 
w 

When  water  is  used  as  the  solvent,  c  =  1  and  u-  =  80.  There- 
fore, for  every  degree  of  overcooling,  the  fraction  of  the  solvent 
separating  aa  ice  will  be  ly-'SO,  and  the  concentration  of  the  original 

•  Zeit.  phys.  Chem.,  la,  624  (1893). 
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tpliir  ^^  eorfwtioB  ifireedjr  to  tbe  CmjMfr|w»>  ikymBion  m- 
tl«td  of  to  the  eoocentntaoiL 

KiynmcDBU  iMunBBaniiMEi  fli  MOtBcnm  wci^k  oy  ms 
FirMa^iif-PoiBt  Mccbod.  Tbe  appttratos  almost  murcnany  em- 
ployed for  the  dcternitoatkn  of  molecuUr  vci^ts  by  tbe  hiiciiuft- 
point  metbod  is  tbjtt  devued  by  Beekmaaa,* 
and  Aown  m  Fig.  66.  It  coonts  oC  a  tbidt- 
waDed  test  tabe  A^  jmnided  vith  a  aide  tube, 
and  fitted  mto  a  wider  tube  Ax^  thus  surroand- 
ing  A  with  an  air  space. 

The  whoU*  ts  6tted  into  the  metal  covi^  of 
a  large  battery-  jar,  whii^  is  filled  with  a  freea- 
ing  mixture  whose  temperature  Is  several  de- 
grees below  tbe  frcfexing-point  <A  tbe  solvent. 

The  tubo  .4  is  dosed  by  a  cork  stopper, 
through  which  panes  the  thermometer  and 
stirrer.  The  thermometer  is  generally  of  tbe 
fieckmann  differential  type.  This  instniment 
has  a  scale  about  6°  in  length,  eadi  degree 
txnng  divided  into  hundredths;  the  quantity 
of  mercur^'  in  the  bulb  can  be  varied  by  means 
uf  a  small  reservoir  at  the  top  of  the  scale,  so 
that  the  zero  of  the  instrument  can  be  adjusted 
for  use  with  solvents  of  widely  different  freee- 
tng-points.  In  cnrr>'ing  out  a  determination 
with  the  Beckmann  apparatus,  a  weighed 
qimntity  of  solvent  is  placed  in  4,  and  the  temperature  of  the 
nf rigcriiting  mixture  regulated  so  as  to  be  not  more  than  5* below 
the  fri'raiiig-puint  of  the  solvent.  The  tube  A  is  removed  from  its 
jacket,  and  ia  immersed  in  the  freezing  mbrture  until  the  solvent 
begiiw  to  fnn^ae.  It  is  then  replaced  in  the  jacket  Ai,  and  the 
solvent  is  vigorously  stirrtnl.  The  thermometer  rises  during  the 
Htlrriiig  tmtil  t)io  true  freezing-point  is  reached,  after  which  it 
rvmiiiiiH  loiistanl.  This  temperature  ie  taken  as  the  freezing 
temperature  of  the  solvent. 

*  Zeit.  phyB.  Chom.,  2,  683  (188S). 
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The  tube  A  is  now  removed  from  the  freezing  mixture,  and  a 
weighed  amount  of  the  substance  whose  molecular  weight  is  to 
be  determined  is  introduced.     When  the  substance  has  dissolved, 

•  the  tube  is  replaced  in  Ai  and  the  solution  cooled  not  more  than 
&  degree  below  its  freezing-point.     A  small  fraf^ent  of  the  solid 
solvent    is   dropped    into   the   solution,    which    is   then   stirred 
L    vigorously  until  the  thermometer  remains  constant.     The  maxi- 
1  mum  temperature  is  taken  as  the  freezing-point  of  the  solution. 
'     The    difference    between   the    freezing-points    of    solution    and 

(solvent  is  the  depression  sought.  For  further  details  con- 
cerning the  determination  of  molecular  weights  by  the  freezing- 
point  method,  the  student  is  referred  to  a  physico-chemical 
ljiborator>'  niiuiual. 

Osmotic  Pressure  and  Freezing-Point  Depression.  Let  dT 
be  the  freezing-point  depression  produced  by  n  mols  uf  solute  in 
G  grams  of  solvent,  tlie  Hulutiun  being  <U)ute.  Imagine  a  lai^e 
quantity  of  this  solution  to  be  confined  within  a  cylinder  fitted 
wtUi  a  friclionlesa  piston,  the  botU)m  of  the  cylinder  being  closed 
by  a  semi-jjermealjle  membrane.  Let  tlie  cylinder  and  contents 
be  cooled  to  the  freezing  temperature  of  the  solvent  T,  and  then 
let  pressure  lie  applied  to  the  piston  until  a  quantity  of  solvent 
corresponding  to  1  mol  of  solute  is  forced  through  tlie  semi-perme- 
able membrane.  This  requires  an  expenditure  of  energy  equiva- 
lent to  PV,  where  P  Is  tlie  osmotic  pressure  of  the  solution  and  V 
is  the  volume  of  solvent  expelled.  The  volume  V  is  clearly  the 
volume  of  G/n  grams  of  solvent.    Now  let  the  expelled  portion 

of  solvent  be  frozen  and  the  system  deprived  of  — ui  calories  of 

heat,  where  w  is  the  heat  of  fusion  of  1  gram  of  the  solvent  at  the 
tejni)erature  T. 

The  temperature  of  the  solution  is  then  lowered  to  its  freezing- 
point  {T  —  dT),  and  the  G/n  grams  of  solidified  solvent  dropped 
into  it.  The  solidified  solvent  melts,  thereby  restoring  to  the 
system  at  the  temperature  {T  —  dT),  the  heat  of  fusion  formerly 
■  taken  from  it.  Finally,  the  temperature  of  the  system  is  raised 
to  Tf  the  initial  temperature  of  the  cycle.  Applying  the  familiar 
thermodynamic  relation,  that  the  ratio  of  the  work  done  to  the 


I 


4 


Or  putting  R  =  2  calories,  we  have 

0.02  r» 


An  equation  to  which  reference  has  already  been  made. 

It  ifl  evident  from  equation  (I)  that  the  asmotic  pressure  of  a 
aolulion  U  directly  proportional  to  the  freezing  point  depression. 

Molecular  Weight  in  Solution.  As  has  been  pointed  out,  the 
molecular  WL-ight  of  a  diiwulved  substance  can  be  readily  calcu- 
lated, provided  that  the  osmotic  pressure  of  a  dilute  solution  of 
known  concentration  at  known  temperature  is  determined.  But 
the  experiment-al  difficulties  attending  the  direct  meiisurement 
of  osmotic  pressure  are  so  great,  that  it  is  customary  to  employ 
other  methods  based  upon  properties  of  dilute  solutions  which 
are  pro|xirtioual  to  osmotic  pressure.  \Vp  Imvc  shown  that  in 
dilute  solutions  osmotic  pressure  is  directly  proportional  (1)  to 
the  relative  lowering  of  the  vapor  pn^ssure,  (2)  to  the  elevation 
of  the  boiling-point,  and  (3)  to  the  depression  of  the  freezing-point. 

From  this  it  follows,  that  equimokcular  quantities  of  differerU 
inoea  dissolved  in  equal  volunies  of  the  same  soberU,  exert  the 
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WBi/  nsmwHc  preJisure,  and  produce  the  same  Telalive  lowering 

aure,  the  same  elevtUum  of  hniling-point,  and  the  aanu 
,,,.,  ,.t-,i    of  freezing-point.      Since    ejfuimolecular   tfuantities   cj 
'liferent  gubstancen  contain  the  same   number  of  molecides,  it  is 
orideM  Oial  the  magnitude  of  osmotic  pressure,  relaiive  lowering  q^ 
rtipor  premure,  elevation  of  boiUn^-point  nnd  depression  of  freeting^ 
,"nnt,  is  dependent  upon  the  number  of  particles  present  in  the  8olu» 
(■m  and  w  independent  of  their  nature.     It  has  been  pointed  out 
ljy  Nemat  that  any  process  wliich  involves  the  separation  of 
solvent  from  aolute,  may  be  employed  for  the  determination  of 
molecular  weights.     A  little  reflection  will  convince  the  reader 
that  the  four  metliods  diacusficd  in  this  chapter  involve  such  separ- 
ation.   Both  van't  Hoff  and  Kaoult  emphasized  the  fact  that  the 
formulas  derived  for  the  deteruiination  of  molecular  weights  in  80< 
lution  depend  upon  assumptions  which  are  valid  only  for  dilute 
solutionB.     It  follows,  therefore,  that  ive  are  not  justified  in  apply* 
ing  ihe^  formulas  to  concentrated  solutions.     Up  to  the  present  time 
we  have  no  satisfactory  theory  of  concentrated  solutions,  neither 
can  we  state  up  to  what  concentration  the  gas  hiws  apply. 

PROBLEMS. 

Jl.  At  l(fC.  the  osmotic  pressure  of  a  solution  of  urea  is  500  mm. 
of  mercury.  If  the  solution  is  diluted  to  ten  times  its  original  volume, 
what  is  the  osmotic  pressure  at  15'*  C?  Ans.   .iO.HG  mm. 

^2.  The  osmotic  presBurc  of  a  solution  of  0.1S4  gi-am  of  urea  in  100  cc. 
of  wftter  was  56  cm.  of  mercury  at  30°  C.  Calculate  the  molecular  weight 
of  lire*.  Arts.   02.12. 

3.  .At  24**  C.  the  oecraotic  pressure  of  a  caiic  sugar  solution  is  2.51  atmos- 
phcroL    What  is  the  concentration  of  the  solutioti  in  mots  per  lit^r? 

Ans.   0.103. 

4.  At  2n°.l  C.  the  osmotic  prt-ssurc  of  solution  of  glucose  containing 
18  grams  per  liter  was  2.43  utmusplieres.  Calculate  thu  numerical  value 
of  thft  constant  R,  when  the  unit  of  i'nerg\'  is  the  grain-eentimeter. 

.■In*.   84.231. 
/B.)  The  vapor  pressure  of  ether  at  20°  0.  is  442  mm.  and  that  of  a  solu- 
iitrii  of  6.1  grams  of  benzoic  acid  in  50  grams  of  ether  is  410  mm.  at  the 
aame  temperature.    Calculate  the  molecuUr  weight  of  benioic  acid  Iil 
ether.  Aiut.  124. 
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VB.  At  lOT.  the  vapor  pressure  nf  ether  w  291.8  mm.  and  tHat  of  a 
solution  containing  5.3  grams  of  beozaldehyde  in  5()  grams  of  ether  is 
271.8  mm.    What  is  the  molecular  weight  of  benzaldehyde? 

Arm.   106.6. 

7.  A  solution  contaJmng  0.5042  gram  of  a  substance  dissolved  in  42.02 
grams  of  benzene  boils  at  80°.175  C.  Find  the  molecular  weight  of  the 
Bolute,  hnvicig  given  that  the  boiling-point  of  bcuzeue  la  80°.00  C,  and  it« 
heat  of  vaporiEation  is  &4  calories  per  gram.  Aru.   181.9. 

8.  A  solution  containing  0.72(59  grainSof  camphor  (mol.  wt.  =  152) 
in  32.0S  grams  of  acetone  (boiling-point  =  SG'.SOC.)  boiled  al  56°.5oC. 
What  is  the  molecular  elevation  of  the  boiling-point  of  acetone?  What  is 
its  heat  of  vaporization? 

An$.  K  =  16.74;  w  =  129.5  cals.  per  gm. 

9.  A  solution  of  fl.472  grains  of  Cdlj  in  44.69  grams  of  water  boiled  at 
100°.303  C.  The  heat  of  vaporization  of  water  is  336  calorics  per  gram. 
What  is  the  molecular  weight  of  Cdlj  in  the  solution?  What  concluaoa 
as  to  the  state  of  Cdl-  in  solutiun  may  be  drawn  from  the  result? 

Ana.  363,2. 
■  10.  The  freezing-point  of  pure  benzene  is  5''.440  C.  and  that  of  a  solu- 
tion containing  2.093  grams  of  beozaldehyde  in  lOO  grams  of  benxeoe  is 
4" .440  C.  Caleulate  the  molecular  weight  of  bcnzaldehyde  in  the  solu- 
tion. /C  for  benzene  is  50.  Ans.  104.6. 
y  II.  A  solution  of  0.502  gram  of  acetone  in  100  grams  of  glacial  acetic 
acid  gave  a  depression  of  the  freezing-point  of  0*'.339  C.  Calculate  the 
molecular  depre&sion  for  glacial  acetic  acid.  Aru,   39. 

12.  By  dissolving  0.0S21  gram  of  m-hydroxybenzaldehyrfc  (CtH^Oi)  in 
20  grams  of  naphthalene  (melting  point  80°. I  C.)  the  freezing-point  Is 
lowered  by  0®.232  C  Assiuning  that  the  molecular  weight  of  the  8olut« 
is  normal  in  the  solution,  calculate  the  molecular  depression  for  naphtha- 
lene and  the  heat  of  fusion  per  gram. 

Ans.  K  s=  OS.iHi;    w  =  36.2  cais.  per  gm. 
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Abnormal  Solutes.  As  has  already  been  pointed  out  the 
acceptance  of  Avogadro's  hypothesis  was  greatly  retarded  by  the 
discovery  of  certain  substances  whose  vapor  dent^ities  were  ab- 
nonna).  Thus,  the  vapor  density  of  aniinoniuin  chloride  is  approx- 
imately one-half  of  that  required  by  the  formula  NH4CI,  while 
the  vapor  density  of  acetic  acid  corresponds  to  a  formula  whose 
molecular  weight  is  greater  than  that  calculated  from  the  fonnula, 
CsHiOi'  The  anomalous  behavior  of  ammonium  chloride  and 
kindred  substances  has  been  shown  to  be  due,  not  to  a  failure  of 
Avogadro's  law,  but  to  a  breaking  down  of  the  molecules,  —  a 
process  known  as  dissociaiion.  The  abnormally  large  molecular 
we^t  of  acetic  acid  on  the  other  hand,  has  been  ascribed  to  a 
process  of  aggregation  of  the  normal  molecules,  knoiATi  as  asso- 
aation.  In  extending  the  gas  laws  to  dilute  solutions  similar 
phenomena  have  been  encountered. 

Assodation  in  Solution.  When  the  molecular  \v  eight  of  acetic 
acid  ui  benzene  i8  determined  by  the  freezing-point  method,  the 
depression  of  the  freezing-point  is  abnormally  small  and  conse- 
quently, as  the  formula 


ehows,  the  molecular  weight  will  he  greater  than  that  correspond- 
ing to  the  formula,  CaHnOj.  Acetic  acid  in  benzene  solution  is 
thus  shown  to  be  associated.  Abnoftt  all  compounds  containing 
the  hydroxyl  and  cyanogen  groups  when  dissolved  in  benzene  are 
found  to  be  associated.  Solvents,  such  as  benzene  and  chloro- 
form, are  frequently  termed  associating  solvents,  although  it  is 
doubtful  whether  they  exert  any  associating  action.  There  is 
oonsider&ble  experimental  evidence  to  show  that  those  substances 

2'^ 
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whose  molecules  are  assoriat^vi  in  Itenzone  and  chloroform  solu- 
tion, are  also  aa«ori:ito<l  in  the  free  rniuliliun.  Just,  us  iho  dcprcs- 
Hon  of  the  freezing-point  of  a  solution  of  an  associated  substance 
is  abnoniKilly  auiall,  so  its  osmotic  pressure  and  other  related 
properties  will  be  less  than  the  calculated  values. 

Dissociation  in  Solutioa.  Van't  HofT  *  pointed  out  that  the 
osmotic  pressure  of  solutions  of  most  salts,  of  all  strong  acids,  and 
of  all  strong  bases  is  much  greater  for  all  concentrations  than 
would  be  expected  from  the  omnotic  pressure  of  solutions  of  sub- 
stances, like  cane  sugar  or  urea,  for  corresponding  concentrntions. 
He  wa.s  unable  to  account  for  this  abnormal  behavior,  and  in  order 
to  render  the  general  gas  equation  applicable,  he  introduced  a 
factor  i,  the  modified  equation  being 

PV  =  iRT. 

If  the  osmotic  pressure  of  some  substance,  like  cane  sugar,  which 
behave*  normally,  be  represented  by  f  o,  the  factor  i  \&  given  by 
the  expression 

.      P 


Since  the  osmotic  pressure  of  a  solution  is  proportional  to  the 
■  relative  lowering  of  its  vapor  pressure,  to  the  elevation  of  its 
I  boiling-point,  and  to  the  lowering  of  its  freezing-point,  we  may 
I       write 

^^H  Pq       Pi  —  ih       do 


Po      Pi  —  Ih 
Pi 


where  the  sjnmbols  have  their  usual  significance.  The  subscript 
0  refers  in  each  case  to  a  substance  which  behaves  normally,  and  A 
denotes  either  boiling-point  elevation  or  freezing-point  depression. 
A  more  definite  conception  of  the  abnormal  behavior  of  salts 
will  be  gained  by  an  inspection  of  the  accompanying  tables.  In 
the  first  column  is  recorded  the  molar  concentration  of  the  solu- 
tion;   the  second  column  gives  the  observed  depressions  of  the 
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freesinK-puint  soul  thn  third  <-ultiitiD  contains  tiic  values  of  the 
ratio  of  the  observr^l  deprcssinn  U)  the  normal  depression,  or  i. 


POTASSIUM  CULOUIDE. 


POTASSIUM  SULPHATE. 


<*> 

. 

f 

m 

s 

i 

0  05 
0  10 
0  20 
0  40 

0  1750 
0.3445 
0.6808 
1.3412 

1  88 
1.86 
1.83 

1  80        1 

0.05 
0  10 
0  2{t 

0.30 

0  2270 
0  4317 
0  SI34 
1.1073 

2.33 
2.32 
2.18 
2.09 

ALU^IINUrM  CHLORIDE. 


SODIUM  CHROiUTE. 


M 

A                             i 

n 

A 

f 

0  046 
0  076 
0.102 

0  276 

0.446 

0.578 

1 
3.22 
3.15 
3.04 

0.1 
0.2 
O.fi 
1.0 

0.450 
0  850 
l,9fiO 
3,8f)0 

2.42 
2.28 
2.11 
2.04 

i 
i 


It  is  apparent  from  the  above  data  that  the  depression  of  the 
freoxing-iMiijit  of  water  caused  by  these  salts  is  abmjnnuHy  large, 
a  fact  whieh  points  to  an  increase  in  the  number  of  dissolved  units 
over  that  i*orrpfliM>nding  to  the  initial  concentration. 

The  Theory  of  Electrolytic  Dissociation.  In  1SK7,  Arrhenius  * 
advanced  an  hj'pothesis  t*)  account  for  the  abnormal  oKmotic 
activity  of  solutions  of  acids,  bases  and  salts.  He  pointed  out 
that  just  as  the  exceptional  behavior  of  certain  gases  has  been 
completely  reconciled  with  tlie  law  of  Avogadro,  by  assiuuing  a 
dissociation  of  the  vaporized  molecule  into  two  or  more  simpler 
molecules,  so  the  enhanced  osmotic  pressure  and  the  abnormally 
great  freezing-point  depression  of  solutions  of  acids,  bases  and 
eeMs  can  be  exjilained,  if  we  assume  a  similar  process  of  dissoci- 
ation. He  propawd,  therefore,  that  aqueous  solutions  of  acids, 
ba^es  and  salts  be  considered  as  dissociated,  to  a  greater  or  lesa 
extent,  into  positively-  and  negatively-charged  particles  or  ion«, 
And  tlmt  the  increase  in  the  number  of  dissolved  units  due  to  this 

•  Zeit.  pbys.  Chem.,  i,  631  (1887J. 


I 


THEORETICAL  CHEMISTRY 


dissociation  is  the  cause  of  tho  cnliant'ed  osmotic  activity.  Accord- 
ing to  this  hypothesis,  hydrochloric  acid,  potassium  hydroxide  and 
potassiuui  chloride,  when  dissolved  in  water,  disaociate  in  the 
following  manner:  — 

HCl    —  H'  +  Cl' 


KOH 
KCl 


'K'-f  OH' 
.K-  +  C1', 


where  the  dots  indicate  positively-charged  ions  and  the  dashes 
negatively-charged  ions. 

In  each  of  the  above  cases,  one  molecule  yields  two  ions,  m 
that,  if  dissociation  is  complete,  the  niaxiniUTn  osmotic  effect 
should  not  be  greater  than  twice  that  produced  by  an  equimolecu- 
lar  quantity  of  a  aubstaiu'e  which  behaves  normally.  Reference 
to  the  preceding  table  shows  that  the  value  of  i  for  pota.ssium 
chloride  approaches  the  limiting  value  of  2  as  the  solution  is 
diluted.  The  other  suits  j^iven  in  the  table  dissociate,  according 
to  ArrheniuSj  in  the  following  way:-* 

K:iS04 -+2^  +  30;' 

NaaCrO,  ->  2  Na'  -|-  CrO/' 

AlCIa-^Al*"  +  3Cl'. 

If  these  equations  correctly  represent  the  process  of  dissociation, 
then  when  dissociation  is  complete,  the  osmotic  effect  of  infinitely 
dilute  solutions  of  potassium  sulphate  and  sodium  chromate 
should  be  three  times  the  eflfect  produced  by  an  equimolecular 
quantity  of  a  nonnal  solute,  and  in  the  case  of  aluminium  cldoride, 
the  maximum  effect  should  be  four  times  the  effect  due  to  a  normal 
substance.  A  glance  at  the  table  shows  that  the  values  of  i  for 
solutions  of  the  three  salts  approach  tlieae  respective  limits.  If 
this  hypothesb  of  ionic  dissociation  be  accepted,  then  it  becomes 
possible  to  calculate  the  degree  of  ionization  in  any  solution  by 
comparing  its  freezing-point  depression  with  the  freexing-pomt 
towerii^;  of  an  equimolecular  solution  of  a  normal  substance. 

Let  us  suppose  that  the  degree  of  dissociation  of  1  molecule  of 
a  dissolved  substance  is  a,  each  molecule  yielding  n  ions.    Then 
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1  —  a  will  be  the  undissociated  jwrtion  of  the  molecule,  and  the 
total  number  of  difisolved  unitvs  will  be 

1   —  a  -f-  «at. 
If  A  ia  the  depreesion  of  the  freezing-point  produced  by  the  sub- 
stance, and   Aq  the  depression   produced  by  an  equi molecular 
quantity  of  an  undissociated  substance,  then 

1  —  a  -f  'ia      A 

i =    A       =   h 


or 


t-  1 
^-1 


It  will  be  observed  that  this  formula  is  identical  with  that  derived 
for  the  degree  of  dissociation  of  a  gas  (p.  91).  If  this  formula 
be  applied  to  the  freezing-point  data  for  solutions  of  potassium 
chloride  given  in  the  preceding  table  we  find  the  following  per- 
centages of  dissociation  corresponding  to  the  different  concentra- 
tions: — 

POTASSIUM  CHLORIDE. 


m 

A 

» 

a 

0.06 

0  J  750 

l.Sfi 

% 

S8 

O.IU 

0.3W5 

l.»5 

85 

020 

0.680S 

1  83 

S3 

0  40 

1.3412 

ISO 

90 

■  The  figures  in  the  last  column  show  that  the  degree  of  dissocia- 

■  lion  increases  ae  the  concentration  diminishes.  It  was  further 
pointed  out  by  Arrheniiw  that  all  of  tho  substances  which  exhibit 
abnormal  osmotic  effects,  when  dissolved  in  water,  yield  solutions 

■  which  conduct  fJie  electric  current,  whereas,  aqueous  solutions  of 
such  substances  as  cane  sugar,  xirea  and  alcohol,  exert  normal 
osmotic  pressures,  but  do  not  conduct  electricity  any  liettcr  thim 
the  pure  solvent.  In  other  words,  only  electrolytes*  are  capable  of 
midcrgoiiig  ionic  dissociation ;  hcnc^^  Ajrhenius  termed  his  hypoth- 
esis the  electrolytic  dissociaiion  theory.  As  we  have  seen,  when 
potassium  chloride  is  dissolved  in  water,  it  is  supposed  to  dissoci- 

•  The  torm  elrrirMi/ie  atriptly  rpfew  to  the  iioltilion  of  an  innizcd  substAnce, 
Although  it  w  often  applied  to  ftdds,  hiiae^  and  wiltii  Ixruusc,  whnn  diasolvtNl, 
tlwy  prodiioe  nli^ntnilylca.  To  avoid  confusion,  the  tonn  "ionogi-n*'  (ion 
former)  ba»  been  proposed  for  thoae  Bubstnitcot}  which  givo  conducting  solu- 

tM 
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ate  into  positively-cburged  potAssiuro  ions  and  negatively-chiu^ged 
chlorine  ions.  Accordingly  when  two  platinmn  electrodes,  one 
<Jiarg«l  positively  iiud  the  other  negatively,  are  introduced  into 
the  Holution,  the  potiifiiiiuiu  ions  ntove  towiird  the  negative  elec- 
trode and  the  chlorine  ions  move  toward  the  positive  electrode,  the 
posHage  of  a  current  through  the  solution  consisting  in  the  ionic 
transfer  of  electric  charges.  Since  the  undissociatcd  molecules, 
being  electrically  neutral,  do  not  participate  in  the  transfer  of 
electric  charges,  it  follows  that  tho  conductance  of  a  solution  of 
an  electrolyte  is  dependent  upon  the  degree  of  dissociation.  The 
relation  between  electrical  conductance  and  the  degree  of  ioniza- 
tion will  be  discussed  in  a  subsequent  chapter.  It  may  be  stated 
at  this  point,  however,  that  the  values  of  a  based  upon  raeaaure- 
ments  of  electrical  conductance,  while  showng  some  discrepande& 
in  individual  cases,  are  in  general  in  go<xl  agreement  with  the 
values  obtained  by  the  freezing-point  method.  Furthermore,  the 
values  of  a  obtained  from  frrczing-point  measurements  are  in  har- 
mony with  those  hnsed  upon  De  Vries'  isotonic  coefficienta. 
It  will  be  seen,  on  referring  to  the  table  of  isotonic  coefficients 
(p.  181),  that  solutions  of  electrolytes  .show  enhanced  osmotic 
activity.  Thus,  the  osmotic  pressures  of  equi -molecular  solutions 
of  cane  sugar,  potJL*«ium  nitrate  and  ealeiuiii  chloride  are  to  each 
other  iw  I  :  1 .07  :  2.40. 

The  following  tjible  illustrates  the  general  agreement  between 
the  values  of  i  calculated,  (a)  from  electrical  conductance,  (b) 
from  freczing-iK)int  depression,  antl  (c)  from  Dc  Vries'  isotonic 
coefficients. 


MoUrCoBc. 

(•) 

(b) 

(o> 

0  14 
0.13 
0.18 
0  19 
0.184 

1  86 
1.84 

2  46 
2  « 
2.42 

1.82 
1.94 
2.47 

2  69 
2.67 

1  81 

LiCI 

1.93 

Ca!\0|)i 

2.48 

.MkCIj 

2  79 

CaCli 

2  78 

It  must  be  remembered  that  the  values  of  i  derived  from  freea- 
ing-poiut    nieasurementa    correspond    to    temperatures    in    the 
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ncigiiborlitxxl  ol  O*'  C,  wliile  those  derivftl  from  the  other 
ukUhhU  correspond  to  tcir-pcra lures  ranging  from  17"  C.  to 
25"  C. 

Chemical  Properties  of  Completely  Ionized  Solutions.    The] 
chftiiicai  pruperlies  of  an  ion  are  very  fUfftTent  from  llic  prui^rtifSi 
of  the  atom  or  radical  when  deprived  of  its  electrical  charge. 
For  example,  the  sodium  ion  is  present  in  an  aqueous  stjlution  of 
swlium  chloride,  but  tliere  is  no  evidence  of  chemical  reaction  with       i 
the  solvent;  whereas,  the  element  in  the  electrically -neutral  coa-*^| 
dition  react*  violently  with  water,  evolving  hydrogen  and  form- 
ing a  solution  of  potassium  hydroxide.     Again,  lake  the  element 
chlorine:  when  chlorine  in  the  molecular  condition,  either  as  gas 
or  m  solution,  is  added  to  a  solution  of  silver  nitrate,  no  precipitate 
«f  silver  chloride  is  formed.     Further,  chlorine  in  such  compounds 
as  CHCU,  ecu,  etc.,  is  not  precipitated  by  silver  nitrate,  siuoe 
these  comi>ounds  are  nut  dissociatetl  hy  water.     Or,  chloruie  may 
(«•  present  in  a  compound  which  is  di.ssocialod  liy  water  :ind  yet 
not  exhibit  its  characteristic  reactions,  because  it  is  present  in  a 
complex  ion.    Thus,  potassium  chlorate  dissociates  in  the  follow- 
ing manner:  —  i, 
KClOa-^K'-hClO/.                                    ^ 

On  adding  ^Iver  nitrate,  there  is  no  precipitation,  because  the 
clilorine  fiirms  a  roniplpx  ion  with  oxygen. 

Physical  Properties  of  Completely  Ionized  Solutions.  The 
ph>*aical  proijerties  of  completely  ionized  solutions  are^  in  general,  | 
additive.  This  is  well  illusst  rated  by  a  series  of  solutions  of 
colored  salts,  the  color  of  which  is  due  to  the  presence  of  a  par- 
ticxilar  ion.  It  is  found,  when  the  solutions  are  suflicieutly 
dilute  to  insure  complete  dissociation,  that  they  all  have  the 
Bame  color.  The  additive  character  of  the  colors  of  solutions  of 
electrolytes  is  brought  out  In  a  striking  manner  by  a  comparison 
of  their  absorption  spectra.  Ostwald  *  photographed  the  absorp- 
tion spectra  of  solutions  of  the  pennanganates  of  lithium,  cadmium, 
ammonium,  zinc,  potassium,  nickel,  magnesium,  copper,  hydrogen  * 
and  almuinium,  each  solution  containing  0.002  gram -equivalents 

•  Zeit.  phya.  Chein.,  p,  570  (1802). 
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of  salt  per  liter.  The  abs<irptiiiii  siHM'ini,  im  shown  in  Fig.  67, 
\vill  l>e  seen  to  be  practically  iiJentliral,  ilie  luuids  occupying  the 
same  position  in  each  spectrum.  Thi»  affords  a  strong  con- 
finiiation  of  the  theory  of  electrolytic  ilissociation,  acrortling  to 

which  :i  dilute  sohition  is  to  be 
regarded  as  a  mbrture  of  elec- 
trically equivalent  quantities  of 
oppositely  charged  ions,  each  of 
which  contributes  its  specific 
pr<ipertir.s  to  the  solution.  The 
penniingimate  ion  being  colored, 
and  common  to  all  of  the  salts 
exacnined,  and  the  positive  ions 
of  I  he  various  .sul)stances  being 
colorless,  it  follows  that  when  dis- 
sociation is  coiiiph't*-,  the  absorp- 
tion spectra  of  all  of  the  solutions 
must  be  identical.  A  number  of 
other  properties  of  completely 
dissociated  solutions  have  been 
shown  to  be  additive.  Among 
these  may  be  rnenti(ine<l  density, 
specific  refractitm,  surface  ten- 
sion, thermal  expansion,  and 
magnetic  rotatory  power.  Addi- 
tional evidence  in  favor  of  the 
theorj^  of  electrolytic  dissociation 
will  be  furnished  in  forthcoming 
eh;ipters.  Notwitlustanding  the 
large  number  of  facts  which  can 


Fig.  «7. 


"be  satisfactorily  interiireted  by  the  theor>\  there  are  directions 
in  which  it  requires  iimplifieation  and  modification.  Of  the 
various  objections  which  have  been  urged  against  the  theory  of 
electrolj'tic  dissociation,  <me  is  of  sufficient  weight  to  call  for 
brief  consideration  here.  When  two  element**,  such  as  potassium 
and  chlorine,  combine  to  form  potassium  chloride,  the  reaction 
is  violent  and  a  large  amount  of  heat  is  developed.    Nevertheless, 
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accoMing  to  the  ionization  llicor>',  tlu'  strong,  mutual  affinity  of 
these  two  elements  is  overcome  !>>'  liie  uct  of  solution  in  water, 
tbe  molecule  being  split  into  two  oppositely-charged  atoms.  Obvi- 
ously such  a  separation  eall.s  for  the  cxix^ndilure  uf  a  large  amount 
of  energ>',  and  the  qu<'stion  naturally  arises: — What  is  the 
source  of  this  energy?  While  this  i|uestiou  cannot  he  fully  an- 
swered here,  it  may  be  pointed  out  that  we  have  aluimlant 
evidence  to  show  that  the  ions  are  hydrated,  each  being  surrouniled 
by  an  "atmosphere"  of  solvent.  In  view  of  this  fact,  it  hiu*  been 
suggested  •  that  dissociation  in  aqueous  solution  is  caused  by  the 
mutual  attraction  l>etween  the  ions  and  the  rnoleeules  of  the  sol- 
vent, the  heat  of  ionic  hydration  funiishing  the  eniTg}-  necessary 
for  the  separaticn  of  the  ions. 

Freezing-point  Depressions  Produced  by  Concentrated  Solu- 
tions of  Electrolytes.  As  has  already  been  mentioned,  the 
dissociation  of  electrolytes  in  aqueous  snlutinn  inereHses  with  the 
dilution,  becoming  complete  at  n  eoneentrntinn  of  about  0.001 
molar.  We  should  expect  the  dissociation  to  diirJnish  with  in- 
creasing concentration,  until,  if  the  elpetrolyte  is  sufficiently  solu- 
ble, the  depression  of  the  freezing-point  l>ecomes  normal.  Recent 
investigations  by  Jones  and  his  co-workers  t  Imve  shown  that  the 
facts  are  eontradictorj'  to  tliis  expectation.  They  found  that  the 
value  of  the  molecular  depression  of  the  freezing-point  of  water 
produced  by  a  number  of  chlorides  and  bromides,  diminished  with 
increasing  concentration  up  to  a  certain  point,  as  would  be  ex- 
pected, and  then  increased  again.  Thr  increase  in  the  molecular 
depression  became  ver>^  marked  at  great  eoncentratioas;  in  fact. 
the  molecular  depression  in  a  molar  solution  was  frequently  greater 
than  the  molecular  depres-sion  corresponding  to  a  completely 
dissociated  salt.  This  phenomenon  was  systematically  studied 
by  Jones  and  the  author  {  and  the  fact  waa  established  that  it 
is  quite  general. 

•  Trans.  Faraday  Soc.,  i,  197  (1906):  3,  123  (IS07). 

t  Am.  Cheni.  Jour,  aa,  n.  110  (ISM);  13,  89  (1900). 

t  Zeit.ph.v».Chem.,46,2'l4[1903);  !»hy«- Hcv  ,  18,  UR  (1004);  Ara.Chem. 
Jour..  31,  303  (190-1):  32,  308  (1904);  33,  534  (IS05):  34,  201  (19051;  Zpit. 
phys.  Chem.,  49,  3S5  (lOd-t);  Mo&ograph  No.  6Q,  Carnegie  Iiutitutioa  of 
Washington. 
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This  abnormiil  oppression  of  the  freezinj^-point  may  be  accounted 
for  by  iLssuniiriK  thnt  the  ths:»olved  siilwtance  tias  entered  into  com- 
bination witli  a  portion  of  the  water,  thiis  removing  it  from  the 
role  of  solvent.  The  fonnation  of  :i  loost;  inoleruUr  complex  be- 
tween one  niolecnh*  of  the  solute  anrl  a  large  number  of  molecules 
of  water,  acLs  as  a  single  dissolvetl  unit  in  depressing  the  freezing- 
point  of  the  pure  solvent.  Evidently  the  total  amount  of  water 
present,  which  functions  as  solvent,  is  diminisherl  by  the  amount 
of  water  which  has  iMsen  appropriated  by  the  solute.  The  abnor- 
malities observed  in  the  depression  of  the  freezing-point  of  con- 
centrated solutions  of  electrolytes  can  be  explained  bj'  assuming 
that  the  molecules  of  solute,  or  the  resulting  ions,  arc  in  combina- 
tion with  a  number  of  molecules  of  solvent.  This  hypothesis  is 
tenned  (he  solvate  theory,  and  the  loose  molecular  complexes  are 
called  soivnUs.  Since  the  solvate  theory  waa  first  proposed,  con- 
siderable evidence  has  l>een  accumulated  to  confirm  it«  correct- 
ness. Reference  has  alreatlj'  been  made  to  tlie  work  of  Philip  Ott 
the  solubility  of  gases  in  saline  solutioiH,  from  which  he  concludea 
that  the  di-st?olvi'd  salts  enter  into  co.ubination  with  a  [wrtion  of 
the  solvent.  The  cx(ierimeuts  of  Mor^e  and  the  Earl  of  Berkeley 
on  osmotic  pressure,  also  seem  to  point  to  the  solvation  of  the 
dissolved  substance. 


PROBLEMS. 

1.  At  IS"  C.  a  0.5  molar  solution  of  XaCI  ia  74.3  jwr  cent  dissociated. 
Wliat  would  be  the  osinotic  prcs-surc  of  the  solution  in  atmospheres  at 
LS-C?  Am.  20.70. 

2.  .\  snlution  contjiitting  3  mols  of  ennc  sugar  per  liter  wiis  found  by 
the  plujiinolytic  methoti  to  be  isotonic  u-ilh  a  sr)lution  of  pota-ssimn  nitrate 
containing  1.8  mols  per  liter.  What  ia  the  degree  of  ionization  of  the 
potas.siura  nitrate?  .-In*.  67  per  cent. 

3.  Thn  vajHir  prci«ure  of  water  at  20*  C.  is  17.406  nun.  and  tliat  of  a 
0.2  molar  r^olution  of  potassium  chloride  i*  17.20(j  mm.  at  the  same  tem- 
perature.   Calculate  the  degree  of  dissuciation  of  the  suit. 

Ans.  75.3S  per  cent. 

4.  Tlif  dejtree  of  dissociation  of  a  0.5  molar  solution  of  ttodium  chloride 
at  25"  is  74.3  per  cent.    Calculate  the  asmotic  pressure  of  the  solution  at 

,  the  same  tciiiiKr.tture.  Ans.  21.32  atmos. 
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5.  A  solution  containing  1.9  mtAa  of  calcium  chloride  per  titer  is  isotonic 
inlh  a  solution  of  glucose  containing  4.05  mob  per  Ulcr.    What  is  the 
of  tonizalion  of  the  calcium  eUloride?  Am.   56.6  per  cent. 


6.  At  0"  C.  the  vapor  pressure  of  water  is  4.620  mm.  and  of  a  solutioa 
of  S.40  gnuns  of  NaNOi  in  100  grams  of  water  4.4S3  mm.  Calculate  tho 
degree  of  ionizsiiou  of  NaXOt.  Ans.  G4.'J  per  cent. 

7.  At  0"  C.  the  vapor  pressure  of  water  is  4.620  mm.  and  that  of  a 
s  liiiion  of  2,21  grams  of  C'aCl;  in  100  gramii  of  water  is  4.583  mm.  Cal- 
culate tlie  apparent  molecular  weight  and  tliu  degree  of  iuaization  of 
CoClj.  Am.   M  =  49.06,     a  =  62  per  cent, 

8.  The  boiling-point  of  a  solution  of  0.4388  gram  of  sodium  chloride 
in  100  grams  of  water  Is  100*'.074  C.  Calculate  the  apparent  molecular 
«Ei|^t  of  the  sodium  cliloridc  and  it:»  degree  of  ioniiuitiou.     K  =  5.2. 

A„s.   M  =  30.S4,    a  =  89.7  per  cent. 

9.  The  boiling-point  of  a  solution  of  3.40  grama  of  BaClj  in  100  grams 
erf  water  ia  lOC-SOS  C.  K  =  5.2.  Wlmt  is  the  degree  of  ionization  of 
theBaCliT  Ana.  72.5  per  cent. 

10.  At  100**  C.  the  vapor  pressure  of  a  solution  of  6.4S  grama  of  aramo- 
nium  chloride  in  100  grams  of  water  is  731.4  mm.  K  =  5.2.  What  is  tho 
boiling-point  of  the  solution?  Aru.   10r.O86C, 

U.  A  solutiou  of  1  Rram  of  silver  nitrate  in  50  grams  of  water  freexcs 
At  —  0°.34S  C.  Calculate  to  what  extent  the  salt  is  ionized  in  solution. 
K  -  18.6.  Afis.  59  per  cent. 

12.  A  solution  of  KaCI  containing  3.668  grams  per  1000  grams  of 
«at«r  freezes  at  —  0°.2207  C.  Calculate  the  degree  of  ioniuition  of  the 
salt.     K  =  18.6.  Ana.  89.2  per  cent. 

13.  The  freezing-point  of  a  solution  of  barium  hydroxide  containing 
1  mol  in  64  Htera  is  —  O^-OSSS  C.  What  is  the  concentration  of  (lydroxyl 
ions  in  the  solution?  Take  K  =  18.9  for  concentrations  in  mols  per 
titer.  Ana.  0.02S4  gm.-ion  per  liter. 

H.  The  vapor  pressure  of  water  at  (f  C.  is  4,620  mm.,  and  the  lower- 
ing of  the  vapor  pressure  produccii  by  dissolving  5.64  grams  of  sodium 
chloride  in  HKl  grams  of  water  is  0.142  mm.  \yhat  is  the  freezing-point 
of  the  solution?    K  =  18.6.  Ana.   -  3M77  C. 

1.5.  .\  solution  containing  8.31  grams  Na^SOi  per  1000  grams  of  water 
^vczes  at  —  0°.2S0  C.    Assuming  diasociation  into  3  ion»,  calculate  the 
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d^ree  of  ionization  and  the  concentiationa  of  the  Na*  and  SO/'  ions. 
K  =  18.6. 
Arts,  a  =  78.2  per  cent;  cone.  Na'  =  0.0918  gai.-ion  per  liter;  cone 
SO"  -  0.0459  gm.-ion  per  liter. 


COLLOIDS. 

CrTstalloids  and  Colloids.  In  Uie  course  of  his  inveetigations 
on  di^usioii  in  wolutioris,  Thomas  CJraham  *  drew  a  distinction 
between  two  classes  of  rtolut,es,  which  he  termed  crystalloids  and 
coUoid;i.  Crystalloids,  as  the  natne  implies,  cati  l}e  obtained  in  the 
cr>-stalline  form:  to  this  class  belong  nearly  all  of  the  acids,  bases 
and  salts.  Colloids,  on  the  other  luitul,  arc  generally  amorphous, 
such  substances  as  albumin,  starch  and  <raramcl  being  typical  of 
the  class.  Because  of  the  gelatinous  character  of  many  of  the  sub- 
staooes  in  this  class,  flruham  termed  them  colloids  (tcoXXa  =  glue, 
and  €t6os=  form).  The  diffcrencos  between  the  two  classes  are 
most  apparent  in  the  physical  properties  of  their  solutions.  Thus, 
cr}*atalloids  diffuse  much  more  rapidly  than  colloids;  the  velocity 
of  diffusion  of  caramel  being  nearly  100  times  slower  than  that  of 
hydrochloric  aci<l  at  the  same  temperature.  While  crystalloids 
exert  osmotic  pressure,  lower  the  vapor  pressure  and  depress  the 
freezing-point  of  the  solvent,  colloids  have  very  little  effect  upon 
the  properties  of  the  solvent.  The  marked  differences  in  the  rates 
of  diffusion  of  crj-stalloids  and  colloids  render  their  separation 
oomparativety  easy.  If  a  solution  containing  both  crj'stalloids 
and  colloids  be  placed  in  a  vessel  over  the  bottom  of  which  is 
stretched  a  colloidal  membrane,  such  as  parchment,  and  the  whole 
is  immersed  in  pure  water,  the  crystalloids  will  pass  through  the 
membrane,  while  the  colloids  will  be  left  behind.  This  process 
was  termed  by  Graham,  dialysis,  while  the  apparatus  employed  to 
effect  such  a  separation  was  called  a  dialyzer.  When  a  solution  of 
sodium  silicate  is  added  to  un  excess  of  hydrochloric  acid,  the 
products  of  the  reaction,  silicic  acid  and  sodium  chloride,  remain 
in  solution.  When  the  mixture  is  ])laced  in  a  dialyzer.  the  sodimii 
chloride  and   the  hydrocliluric   acid,   l^eing  crystalloids,   diffuse 

*  Lif-b.  Ann.,  lai,  I  (1862). 
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through  the  membrane  of  the  dialyiser,  leaving  l)ehind  the  coUoidiJ 
silicic  acid. 

The  terms  crystalloid  and  colloid,  as  used  at  the  present  time, 
have  acquired  diflferent  meanings  from  those  assigned  to  them  by 
Graham.  The  terms  aie  now  considered  to  refer,  not  so  much  to 
different  classes  of  substances,  as  to  different  states  which  ahnost 
all  substances  can  assume  under  certain  conditions. 

Colloidal  Solutions.  A  culloidnl  solution  Is  one  in  which  the 
solute  is  a  colloid,  although  the  latter  may  not  be  included  among 
the  substances  classified  us  such  by  Graliara.  For  example, 
arsenious  fjulphtde,  ferric  hydroxide  or  finely-divided  gold  may 
fnrni  colloidal  solutions.  Tn  bringing  such  substances  into  the 
colloidal  state,  mere  agitation  with  water  will  not  suffice,  but  some 
indirect  method  must  be  employed. 

Nomenclature.  Ciraham  distinguiahefl  between  two  condi- 
tions in  which  («l]oi(Li  were  obtainable,  the  term  sol  being  applied 
to  forms  in  which  the  system  resembled  a  liquid,  while  the  (*!nn 
gel  was  usefl  to  designate  those  forms  which  were  soUd  and  jeily- 
like.  When  one  of  the  components  of  the  solution  was  water,  the 
two  forms  were  called  a  hydrosol  and  a  hydrogeL  In  like  manner, 
when  alcohol  was  one  of  the  <'omponents,  the  terms  alcosol  and 
ahogej  were  applied  to  the  two  forms. 

Ail  Ihe  knowledge  of  colloids  lias  developed  it  has  become  necee- 
sary  to  supplement  Graham's  nomendatiuTS  by  the  introduction 
of  various  other  terms,  ll  is  known  lo-day  tiiat  the  essential 
difference  btitwinm  colloidal  suspensions  and  solutions  on  the  one 
hand,  and  true  solutions  on  the  other,  is  due  to  the  difference  in  the 
degree  of  sulnhvision  or  <]egr(H»  of  di^persity  of  the  dissolved  sub- 
stance. In  a  true  solution  the  dissolved  substance  is  generally 
present  either  in  the  molecular  or  ionic  condition,  as  may  be  shown 
by  means  of  the  familiar  osmotiir  mctho<ts  for  molecular  weight  de^- 
tcnnination.  In  colloidal  -solufions,  however,  the  degree  of  dis- 
persity  is  not  so  great  and  has  l>een  found  to  vary  from  above  the 
limit  of  niicrrascopic  visibility  (1  X  10"^'  cm.)  to  that  of  molecular 
dimensions  (1  x  10"*  cm,).  When  the  degree  of  tlispcrsity  varies 
from  1  X  10~*  cm.  to  1  X  10""  em.  the  particles  are  termed 
micrvns.    The  properties  of  the  disperse  phase  at  this  degree  of 


ity  differ  appn>riably  from  the  propertins  of  the  Ronm  aub- 
sUUlce  wln'ii  present  in  large  inii.sH(W.  Wlieii  ilu;  dt'gree  of  dis- 
IHjrsity  lies  l>et.we«ri  1  X  10"''  vm.  and  5  X  10"^  cm.  the  pai'ticlta 
arc  known  as  stibmicrows.  TiiP  oxlstetu*  of  particles  w]n>se  diara- 
(Atav  tuv  approximately  1  X  10~'  i-m.  lias  IxK'n  deuKinstratod  by 
Zsigmondy  with  tho  ullrarnicrowoope;  thcwe  mimite  particlea  are 
tcnn«l  arnicrons.  Wlion  Iho  di^greo  of  disperaity  ib  increased 
bej'cmd  this  limit  all  heteixineiieity  apparently  vanishes  and  we 
enter  the  reaUn  of  true  solutions. 

When  the  dispersion  is  not  too  gr(?a1,  colloidal  sohitions  may  be 
divided  into  suapemtions  and  emuliions  according  to  ^vhether  the 
disperee  ph&se  is  a  soUd  or  a  liquid-  As  the  dispersion  is  increased 
we  obtain  susj»ension  and  emulsion  colloids  which  may  be  con- 
veniently called  suspaisoids  and  emulmkls.  Susponsoids  and 
onulsoids  arc  included  under  the  general  term  dispersoids.  In 
wrtain  cases,  although  the  disperse  phase  is  unquestionably  liquid, 
the  ^'Stents  resemble  susponsoids  in  their  behavior,  while  in  other 
tiee*,  where  the  dtsijerso  phase  is  solid,  the  systems  exhibit  projier- 
ties  characteristic  of  emulsoids.  For  this  reason  the  classification 
of  9oU  as  suspensoids  and  eniul.soids  is  not  entirely  satisfactory. 
A  better  sj-stem  is  that  in  which  the  presence  or  the  filtsence  of 
affinity  Iwtween  the  dispi^rsc  phase  and  the  dispersion  nu^liuni  is 
made  the  basis  of  claswificjition.  Wliere  there  is  marked  affinity 
between  the  two  pha-^es,  the  system  is  termed  lyffphtle,  an<l  where 
such  affinity  js  al>sent.,  the  s^-stem  in  tenned  lyupkube.  When  the 
dispersion  me<Iiurn  la  water,  the  tenns  kydrupkiie  and  hydrophobe 
are  employed. 

In  the  reversible  transformation  of  a  sol  into  a  gel,  we  are 
not  warrante<l  in  referring  Uy  the  change  from  gel  to  sol  »a  an 
act  of  solution,  for  if  tlie  gel  really  dissolved,  a  solution  and 
DOt  u  sol  woidd  result.  Various  terms  have  Ihh^ii  proposed  for 
these  reversible  transformations  but  perhaps  the  most  satisfac- 
torj*  arc  the  terms  grUilion  and  HoJalion,  the  formcj  designating 
tiie  formation  of  a  gel  from  a  sol  and  the  lal^ter  the  reverse 
pnwess. 

Lyotrope  Series.  The  differences  between  lyophile  and  lyo- 
phobe  sols  are  frequently  very  marked,  this  being  especially  true 


of  their  behavior  toward  chemical  reagents.  The  action  of  rh»aju- 
cul  rcjigent-s  on  lyophol»o  hoIs  ia  almost  wholly  confined  i'j  iha 
disperse  phjise,  while  the  addition  of  reagenla  to  lyophile  wtU  fre- 
quently produces  a  more  marked  effect  on  tho  dispersion  itirtiiiiia 
than  on  the  disperse  phase.  It  should  be  observed  that  the  phya- 
cal  propertied!  of  a  lyopholie  sol  and  of  the  pure  dispersion  medium 
arc  practically  identical,  while  exactly  the  reverse  is  true  of  lyo- 
phile  sols..  It  is  well  known  that  the  addition  of  a  foreijco  sub- 
stance to  a  reaction-m.L\ture  frequently  exerts  a  marked  influence 
on  the  speed  of  the  reaction,  notwithstanding  the  fact  that  the 
nature  of  the  added  substance  may  be  such  as  to  render  its  partici- 
pation in  the  reaction  highly  improbable.  If  a  series  of  reagenta 
are  arranged  in  the  order  of  their  infiucnoe  on  a  particular  reaction, 
it  has  been  found  that  the  same  sequence  is  preserve*!  when  the 
same  reagents  are  adder!  to  other  reactions  of  widely  different 
character.  In  some  reactions  the  reagents  may  produce  effects 
directly  opposite  to  tlinse  which  they  produce  in  others,  but  the 
sequence  remains  unchanged.  For  example,  when  the  same  re- 
action takes  place  cither  in  an  acid  or  in  an  alkaline  medium,  the 
substances  which  promot<;  the  reaction  when  the  medium  is  acid, 
retard  it  when  the  medium  is  alkaline,  but  the  sequence  of  the 
added  substances  remains  the  same  under  both  conditions.  These 
facts  make  it  appear  highly  probable  that  the  effects  produced  bj' 
the  addition  of  foreign  sul>stancc.s  to  a  chemical  reaction  are  to  be 
ascribed  to  the  changes  which  they  produce  in  the  pure  solvent. 
It  is  not  without  significance  that  the  same  sc(iuence  of  reagents  is 
maintained  whether  we  obser\'o  their  influence  on  different  chemi- 
cal reactions  or  on  certain  physical  properties  of  the  solvent,  such 
as  its  density,  viscosity,  and  surface  tension. 

The  following  examples  *  afford  a  striking  illustration  of  the 
persistetnce  of  the  sequence  of  roa^nts,  generally  known  as  the 
lyotro]}e  serieat.  The  ions  which  precede  the  formula  (HjO)  reduce 
the  velocity  of  reaction  or  cause  a  diminution  in  the  magnitude  of 
the  particular  physical  property  tabulated.  The  ions  which  follow 
tlie  foiiuula  (HjO)  exert  the  opposite  effect. 

*  Freundlich,  Ivapillarcbcmie,  p.  411. 


1.  The  hydrol^-Bis  of  esters  Uy  acids. 

Anions:  60*  (HtU)  CI  <  Br. 

Cations:  (HaO)  Li  <  Na  <  K  <  Rb  <  Cb. 

2.  The  hydroIj-sLs  of  esters  by  bases. 

.\niona:  I  >  NO,  >  Br  >  CI  (HjO)  SsOj  <  SO*. 
Cations:  Cs  >  Rb  >  K  >  Li  (HjO). 

3.  The  viscosity  of  aqueous  solutions. 

Anions:  NOj  >  CI  (H,0)  SO*  (potaasiuin  salts). 
Cations:  Ce  >  Rb  >  K  (HjO)  Na  <  Li  (chlorides), 

4.  The  surface  tension  of  aqueous  solutions. 

(HaO)  I<  NO,  <  Cl<  SO4  <  CO3. 

It  will  be  observed  that  although  the  ions  which  accelerate  the 
ftdd  hydrolysis  retard  the  basic  hydrolysis,  the  sequence  of  the 
ions  neverthclftHs  rcinainri  the  same. 

The  Ultramicroscope.  When  a  narrow  beam  of  sunlight  is 
idmitted  into  a  darkened  room,  the  dust  particles  in  its  path  are 
rendered  visible  by  the  .scaiteringof  the  light  at  the  surface  of  the 
particles.  If  the  air  of  Iho  room  is  free  from  dust,  no  shining 
particles  will  be  st^en  and  the  spare  i.s  said  to  be  "optically  void." 
When  the  particles  of  dust  are  very  minute,  the  beam  of  light 
acquires  a  bluish  tint.  The  blue  color  of  the  sky  is  thus  attril>- 
nted  to  the  presence  of  extremely  fine  partjclcs  of  dust  in  the  air 
together  with  minute  di-ops  of  conflensed  gases  in  the  upper  regions 
of  the  atmosphere. 

The  visibiUty  of  a  beam  of  light  due  to  the  scattering  effect  of 
minute  particles,  is  known  as  the  TyndaU  -phenomenon.  Almost 
oil  colloidal  solutions  e.\hihit  this  phenomenon  when  a  powerful 
beam  of  Ught  is  pa.ssed  through  them,  thus  proving  the  presence 
of  discrete  particles  in  the  .stihitions. 

Tlie  ultruniicroscopc  is  an  instnnnent  devised  by  Siedentopf 
and  Zsigraondy  *  for  the  detection  of  colloidal  particles  much  too 
small  to  \ye  seen  by  the  naked  eye.  A  powerful  !>eam  of  light 
iwuing  from  a  horizontal  slil  is  brought  to  a  focus  within  the 
coDoidal  solution  under  examination  by  means  of  a  microscope 
objective,  and  thi.s  image  is  viewed  through  a  second  micro- 

•  "  Colkuda  and  the  UltmmicnMcope "  by  R,  Zaigmoody.  Trans,  by 
Akmnder.    John  WUcy  &.  Sons,  Inc. 
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Lflcope,  the  axis  of  which  is  at  right  angles  to  the  path  of  the 

^beam. 

When  examined  in  this  way  a  coUoitlaJ  solution  appeals  to  be 
swanning  with  brilliantly  colored  particles,  moving  i^idly  in  & 
dark  tield;  whereas  a  true  solution,  if  propwiy  prepajed,  api)ears 
optically  void.  With  the  ultramieroscope  it  is  possible  to  count 
the  number  of  partipl<!s  jircscnt  in  a  given  volume  of  a  col- 
loidal solution.  By  mcaiis  of  u  chemiwU  analyifl.s,  tiie  mass  of 
colloid  per  unit  of  volume  can  be  determined  and  from  this  the 
average  mass  of  each  particle  ran  he  calculatetl.  If  the  particle 
be  assumed  to  be  spherical  in  sli.ipfi  and  to  have  the  same  deiisity 
as  larger  masses  of  the  same  substance,  we  can  calculate  the 
volume  of  a  single  particle  and  from  this  its  diameter.  Tlius, 
Burton  *  in  his  experiment's  on  gold,  silvtsr  and  platinum  sok.  found 
the  average  diameter  of  the  colloidal  particles  to  rajige  from  0.2  to 
0.6  micron. 

Zsigmondy's  latest  ultramicroseope.  Fig.  68,  consisting  of  two 
compound  microscopes  placed  at  right  angles  and  having  their 
objectives  so  cut  away  as  to  pennit  tliem  to  be  brought  together 
in  focus,  enables  the  observer  to  diiwern  particles  whose  diameters 
range  from  1  to  2  niilli -microns. 
The  ultramici'oscopic  chaiuctcr  of  emulsoids  is  by  no   means 

'sharply  defined,  notwithstanding  the  fact  that  they  exhibit  the 
Tyndall  phenomenon.  It  has  been  suggested  by  Zslgmoudy  that 
the  lack  of  sharpness  in  definition  observed  with  emulsuids  is 
probably  due  to  the  relatively  small  difference  between  the  re- 
fractive indices  of  the  disperse  phase  and  the  dispersion  medium. 
Where  the  difference  between  the  refractive  indices  of  the  two 
phases  is  very  great,  as  in  the  case  of  the  metallic  sols,  excellent 
defuiition  is  obtained.  It  is  of  interest  to  note  that  although  the 
baaic  hydroxides  are  apparently  suspensoids,  yet  in  their  ultm- 
microscopic  characteristics  they  closely  resemble  emulsoids. 

Ultrafiltration.  Almast  all  sols  can  be  filt<^red  through  ordinary 
filter  paper  without  undergoing  more  than  a  slight  change  in  con- 
centration due  to  initial  adsorption.  The  rate  of  filtration  varies 
widely,  depending  upon  the  viscosity  of  the  sol.  As  a  general  rule. 
*  Plul.  Mag.,  II.  425  (1006). 


By  filtering  an  arsenious  sulphide  sol  through  a  porous  earthen- 
are  filter,  Linder  and  Picton  *  succeeded  in  obtaining  four  dUfer- 

*  Jour.  Cbem.  Soo.,  6x,  148  (1892). 
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ent  sizes  of  partirles  which  they  deacribed  as  follows: —  (1)  visible 
under  the  microscope,  (2)  exliibited  the  Tyndall  phenomenon,  (3) 
retained  by  porous  platfl,  a-nd  (4)  passed  through  porous  plate  un- 
changed. By  employing  platea  of  different  degrees  of  porosity  and 
determining  the  avej-age  nize  of  the  pores  which  ]uat  peniiit  filtra- 
tion, it  is  possible  to  detenuine  the  size  of  the  particles  which  con- 
stitute the  disperse  plta^^e  of  a  sol.  If  we  make  use  of  a  scries  of 
graduated  filters,  prepared  by  impregnating  filter  paper  with  a 
solution  of  collodion  in  acetic  acid,  it  is  not  only  possible  to  sepa- 
rate suspensoida  from  their  dispersion  media,  but  also  to  effect  the 
concentration  of  emulsoids.  Furthermore  such  filters  arc  useful 
in  removing  impurities  from  sols,  the  impurity  passing  through  the 
filter  in  a  manner  similar  to  the  passage  of  tiic  solvent  through  the 
membrane  in  the  process  of  dialysis.  Ultrafiltration  is  an  exceed- 
ingly complex  process  involving  the  phenomena  of  adsorption  and 
dialj-sis  in  atldition  to  the  ordinary  process  of  mechanical  separation. 
The  complexity  of  the  process  is  well  illustrated  by  the  phenomena 
atteniiant  upon  the  filtration  of  almost  any  positive  hydrosol. 
Thus,  if  we  attempt  to  filler  a  ferric  hydroxide  hydrosol  through  a 
porous  plate,  or  even  through  an  ordinan,'  filter  paper,  we  shall 
find  tliat  the  colloid  will  lie  partially  retained  by  the  filter.  This  is 
due  to  the  fact  that  the  filter  becomes  negatively  charged  in  con- 
tact with  water  and,  on  the  entrance  of  the  positively  charged  sol 
into  tlie  JM^re-s  tjf  the  filter,  the  colloid  is  immediately  discharged 
and  the  di.sperse  phitsc  precipitated.  After  the  pores  of  the  filter 
become  partially  stoppinl  with  particles  of  the  colloid,  the  sol  will 
then  puss  tbrougli  unchanged. 

Classification  of  Dispersoids.  There  is  abundant  eWdence  in 
favor  of  the  \'iew  that  colloidal  solutions  and  simple  suspensions 
are  closely  related.  Suspensions  of  all  grades  exist,  from  those  in 
which  the  suspended  particles  an*  coarse-grained  and  visible  to 
the  nalce<l  eye,  down  to  those  in  which  a  high-iK>wer  microscope 
is  retjuired  to  render  the  suspendeil  i)arUclcfl  visible.  Colloidal 
solutions  have  also  l3een  shown  to  be  non-homogeneous,  the 
presence  of  discrete  particles  being  revealed  by  means  of  the 
ultramicroscope.  It  follows,  therefore,  that  the  size  of  the  particles 
in  solution  detennines  whether  a  subetanco  is  to  be  considered  as 
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a  colloid  or  not.  At  one  extreme  we  have  true  solutions  in  which 
no  lack  of  homogeneity  can  be  detected,  even  by  the  ultramicro- 
scope,  and  at  the  other  extreme  we  have  coarse-grained  suspen- 
sions, in  which  the  particles  are  visible  to  the  naked  eye.  Between 
these  two  limits  aXi  possible  d^rees  of  subdivision  are  possible 
and  it  is  a  very  difficult  matter  to  draw  sharp  lines  of  distinction 
between  true  solutions  and  colloidal  solutions  on  the  one  hand, 
and  between  colloidal  solutions  and  suspensions  on  the  other. 
One  of  the  most  satisfactory  schemes  of  classification  is  that  of 
von  Weimarn  and  Wo.  Ostwald.*  Because  of  the  fact  that  sus- 
pensions, colloidal  solutions,  and  true  solutions  represent  varying 
d^ees  of  dispersion  of  the  sohite,  all  three  types  of  system  are 
termed  by  these  authors,  dispersoids.  The  dispersoids  are  classi- 
fied as  shown  in  the  accompanying  diagram.  ' 

DISPERSOIDS. 


Goane  dispereioiis  (su»* 
peDsions,  emulsions, 
etc.). 

Magnitude  of  particles 
greater  than  0.1  p.* 


Molecular  Ionic 

dispereoidfl.     diapersoids. 

Magnitude  of  particles, 
about  I  ftfi  and  smaller. 


Colloidal  solutions. 

Magnitude  of  particles 

between  0.1  ti  and  1  nn. 

Decreasing  degree  of 
"coUoidity." 

Increasing  degree  of  dis- 
persion. 

*  1  ii  —  1  micron  ■<  U.OOl  mm. 

Density  of  Colloidal  Solutions.  As  we  have  seen,  auspensoids 
are  commonly  regarded  a.s  sols  in  which  the  disperse  phase  is  solid, 
while  emulsoids  are  considered  to  be  sols  in  which  the  disperse 
phase  is  liquid.  While  this  distinction  between  the  two  classes  of 
wis  is  generally  well  defined,  it  should  be  borne  in  mind  that  there 

*  KoU.  Zeitschrift,  3,  26  (190S). 
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are  colloidal  solutionfi  in  which  it  is  extremely  diffictilt  to  determine 
the  physical  glaie  of  the  disperse  phase. 

The  fundamental  difference  between  suspenaoids  and  emulsoida 
manifcKts  itself  moat  clearly  hi  those  propertiea  which  undergo 
appretMal)le  change  in  coiKsotjucnce  of  solution.  Among  these  may 
be  Hientioncd  density,  vistn»sity  und  surface  tension. 

It  was  shown  by  Linder  and  Picton  *  that  the  density  of 
suspensoiiis  follows  the  law  of  mixtures.  This  is  clearly  shown 
by  the  following  table  in  which  are  given  the  observed  and 
calculated  value*  of  the  density  of  a  scries  of  ursenious  sulphide 
sols. 

DENSITY  OP  ARSENIOUS  SULPHIDE  SOLS. 


j\»A  fcruns  per 
litM-). 

Itmrnty  (obit.). 

T)<Huiity  (nlc). 

44 

22 
11 

2  45 
0.1710 

1  033810 

l.UltJ.SSO 
J.00S435 
I  11021 10 
1  000137 

1  033810 

1  onioa^ 

1  flOS44n 
1  002100 
1.000134 

¥ 


Tho  density  of  emulsoiiL^,  on  th^  other  liand,  cannot  be  calcu- 
hitcd  from  the  cotnpowiiion  of  the  sol.  This  fact  may  Vw  taken  as 
evidence  in  favor  of  the  view  (hat  a  clos*er  relation  exists  between 
the  disperse  phase  anil  the  dispersion  medium  in  emulsoids  than  in 
suspensoidH. 

Viscosity  of  Colloidal  Solutions.  Owing  to  the  fact  that  the 
concentrations  of  most.  siwpcnsoiilH  are  relatively  small,  it  follows 
that  their  vHscosities  differ  but  little  from  the  viscosity  of  the  pure 
dispersion  medium.  In  general,  it  may  be  said  that  the  viscosity 
of  suspensoid  sols  is  slightly  greater  than  that  of  the  disi>erBioQ 
medium. 

On  the  other  hand,  the  viscosity  of  emulsoid  sols  is  frequently 
much  greater  than  that  of  the  pure  dispersion  medium.     The  vis- 
cosity of  emulsoids  also  increases  with  increasing  concentration, 
aa  is  shown  by  the  datA  of  the  following  table. 
•  iour.  Chcm.  Soc.,  67,  71  (1896). 
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VISCOSITY  OF  EMUIJ50IDS. 


eol 

Temp.  20' 
CoaoMtlrmtiioa. 

ViMoeity. 

Gelatine 

Gelatine 

Silicit  acid. 
Stliric  acid. 
Silieic  acid. 
Silicic  lU'id.     . 

Pereeot. 
1 

2 
0  SI 

1.06 
3.67 

0.021 

0  037 
0  U12 
0  lllfi 
0  032 

o.im 

Vwcosity  of  water  at  20*  =  0.0120. 

Surface  Tension  of  Colloidal  Solutions.  The  surface  teDsion 
of  susperwoid  sols  has  l:)een  shown  by  Linder  and  Picton  to  bo 
practically  identical  with  that  of  the  dispersion  medium. 

As  a  general  rule,  the  surface  tension  of  cmulsoid  sols  is  appre- 
ciably smaller  than  that  of  the  dispersion  medium.  According  to 
Quincke  *  the  surface  tensions  of  gelatine  sols  are  appreciably  less 
than  the  surface  tension  of  the  dispersion  medium.  The  differ- 
ence between  suHpcnsoids  and  einulsoids  in  respect  to  surface 
taision  undoubtedly  accounts  for  the  fact  that,  in  general,  the 
fonner  are  not  adsorbed  while  the  Iatt<^r  are. 
/  Osmotic  Pressure  of  Colloidal  Solutions.  The  osmotic  pres- 
sure of  colloidal  solutions  is  very  small.  This  is  what  we  should 
expect  with  solutions  of  suKstancos  which  exhibit  a  alow  rate  of 
liiffusion.  As  has  been  pointed  out,  diffusion  is  closely  connected 
with  oflmotic  pressure;  hence,  if  the  rate  of  diffasion  is  slow,  the 
osmotic  pressure  ojcerted  by  the  solution  should  !>o  small.  In 
aoroe  cases  the  osmotic  pressure  is  so  small  as  to  escape  detection, 
llie  experimental  determination  of  the  osmotic  pressure  of  col- 
loidal solutions  is  complicated  by  the  difficulty  of  removing  the 
last  traces  of  electrolj'tes  from  the  colloid.  Owing  to  their  great 
osmotic  activity,  the  presence  of  the  merest  trace  of  electrolytes 
nay  mask  the  true  osmotic?  effect  of  the  colloid.  It  should  be  borne 
in  mind,  however,  that  semipermeable  membranes  are  much  leas 
permeable  by  colloids  than  by  electrolytes  and,  in  consequence  of 
ihw  fact,  the  impurities  in  the  colloid  would  be  gradually  removed 
by  prolonged  dialysis.  If  the  total  osmotic  pressure  were  due  to 
•  Wied.  Ann.,  lU,  35,  582  (18S6). 
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the  prosenoe  of  small  amounts  of  impurities  in  the  ooUoid,  then  as 
these  are  removed,  the  pressui^  ijhould  steadily  diminish  and  ulti- 
mately become  zero.  As  a  matter  of  fact,  the  tinal  value  of  the 
oemotic  pressure  of  a  colloidal  solution,  although  generally  very 
Lfmall  is  never  zero.  This  final,  positive  value  of  the  osmotic 
preesure  has  been  shown  to  be  wholly  iudopendent  of  the  method 
of  preparation  of  the  sol.  Although  differences  in  the  method  of 
preparation  may  introduce  different  impurities  which  give  rise  to 
different  initial  values  of  the  osmotic  pressure,  in  each  case  the 
same  final  value  is  obtained.  Of  course  it  must  be  admitted  that 
the  possibility  exists  that  a  minute  imrtion  of  electrolyte  which 
cannot  be  removed  by  dialysis  is  retained  by  the  colloid,  but  even 
then  it  is  difBcult  to  account  for  the  constancy  of  the  &nal  value  of 
the  osmotic  pressure  irrespective  of  the  method  of  preparation  of 
the  sol.  The  values  of  the  osmotic  pressure  of  suspenoids  are  in- 
variably small  and  by  no  means  concordant. 

The  following  table  gives  the  results  obt-aiued  by  Duclaux*  with 
colloidal  aolutions  of  ferric  hydroxide. 

OSMOTIC  PRESSURE  OF  COLLOIDAL  FERRIC  HYDROXIDE. 


CoDc.  F«(OHt, 

rTw«u/«  Ui  em. 

Pes-  eont. 

«<Wilar. 

1  OS 

0.8 

201 

2.8 

3.05 

6.6 

R.Xt 

12.5 

8.86 

22  6 

Inspection  or  the  table  shows  that,  even  in  the  most  concen- 
trated solution,  the  osmotic  pressure  is  verj'  small.  Furthermore, 
it  is  apparent  that  although  the  osmotic  pres-sure  increases  with 
the  concentration,  the  variables  are  not  proportional.  Observa- 
tions on  the  variation  of  the  osmotic  pressure  of  colloidal  solu- 
tions with  temperature,  show  that,  in  general,  as  the  temperature 
is  raised  (he  pressure  increases  at  a  more  rapid  rate  than  that 
required  by  the  law  of  Gay-Lussac. 

Emplo^'^ng  membranes  of  collodion  and  parchment  paper, 
*  Compt.  read.,  140,  1614  (1905);  Jour.  Chim.  Phys.,  7,  405  (1909). 
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lillie '  and  others  have  demonstrated  that  the  values  of  the  os- 
motic pressure  of  emulsoids  are,  in  general,  considerably  greater 
than  the  correspondinR  values  obtainc<i  with  su.'^pensoidh.  The 
osmotic  pressures  of  several  typical  emulsoida  are  given  in  the 
following  table. 

OSMOTIC  PRESSURES  OF  EMULSOIDS. 


Sol. 

CoovcalratUio 

(grunt  par  lit«r). 

Onnotio  Pnnun 
(nun.  of  mercury). 

12.5 
12  5 

10 

ao 

6 

15 

165 

It  will  be  observed  that  the  values  of  the  osmotic  pressure  in  the 
preceding  table  are  appreciably  greater  than  those  given  for  ferric 
fcydroxide  hydrosols.     This  is  in  agreement  with  the  well-estab- 
lished faet  that  emulsoids  diffuse  more  rapidly  than  suspensoids. 
It  has  been  observed,  that  the  value  of  the  osmotic  pressure  of 
gdatiiie  solutions  at  ordinary  temperatures  can  be  increased  by 
maintaining  the  solutions  at  a  higher  tenipexature  for  a  short  time 
and  then  cooling  Ui  \\w  initial  l.enii>eraUire.     Aft«r  standing  for 
Nveral  days  at  the  original  temjKiraturfi/ however,  tlie  osmotic 
presntre  of  the  solution  n-turns  to  its  formej-  value.     This  phenom- 
Oion  n-ould  aeem  l<»  indicate  that  the  osmotic  pressure  of  colloidal 
solutions  is  not  completely  defineti  by  the  two  variables,  tempera- 
ture and  concentration.     Tt  has  been  suggRstetl  that  the  degree  of 
aggregation  of  the  colloid  is  partiidly  ilepetident  upon  the  tempera- 
ture; the  molecuhir  aggregates  tending  to  break  up  as  the  tempera- 
ture is  raised,  thus  increasing  the  numlier  of  dissolved  unit«  and 
therefore  causing  a  corresponding  increase  in  the  osmotic  pressure. 
Molecular  Weight  of  Colloids.     We  have  already  learned  that 
the  knowledge  of  the  osmotic  pressure  of  a  solution  enables  i:s  to 
calculate  the  moleirular  weight  of  tho  solute,  provitie*!  the  solu- 
tion is  dilute  and  obeys  the  gas  laws.    As  we  have  seen,  other 

'  Am.  Jour.  Phyiual.,  ao»  127  (1907). 
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fa<;t(irs  than  (wncentration  ami  temperature  determine  the  oetnottc 
pressure  of  colloidal  solutions,  so  that  we  are  not  justified  in 
attempting  to  calculate  tlie  molecular  weight  of  a  colloid  from  the 
oliserved  value  of  the  osmotic  pressure  of  its  solution.  Values  for 
the  molecular  weight  of  trolloids  calciulated  from  their  effect  on  the 
va|>or  i)n^s.sur4!,  the  boiling-point,  and  1-he  freezing-point  of  tiw 
solvent  arc  also  untrustworthy,  since  the  same  factors  which 
influence  the  osmotic  pressure  necessarily  affect  these  related 
properties.  This  becomes  evident  when  we  reflect  that  an  osmotic 
jiressure  of  I  mm.  of  mercury  corrcj^ponds  to  a  depression  of  the 
freezing-point  of  about  0°.O001.  Owing  to  the  tlifficulty  of  ob- 
taining absolutely  pure  emulsoid  sola,  all  determinations  of  their 
freezing-point  depressions  must  be  afTectod  with  an  experimental 
error  apprccial)ly  larger  than  the  observed  depression.  HydroaoLi 
of  albumin,  gelatine,  etc.,  prepared  with  extreme  care  by  Bruni 
and  Pappada  *  failed  to  produce  any  detectable  depression  of  the 
froczing-point  of  water, 

£lec tree ndosmo sis.  The  movement  of  a  liquid  through  a 
porous  diaplu-agm,  due  to  the  passage  of  an  electric  current  be- 
tween two  electrodes  placed  on  opposite  sides  of  the  ciiaphragm,  is 
known  as  dedroeruiosmosis.  This  phenomenon,  which  was  first 
observe*!  by  Reuss  in  1807,  has  since  been  made  the  subject  of 
numerous  investigations  by  Wiedemann,!  Quincke  t  and  Perrin,§ 
the  latter  having  worked  out  a  satisfacton,'  theoretical  interpreta- 
tion of  the  phenomenon.  If  a  porous  partition  be  placed  in  the 
horizontal  portion  of  a  U-tube  and  an  electrode  be  inserted  in  each 
arm  of  the  tube,  it  will  lie  found,  oti  filling  the  lube  with  a  feebly 
conducting  liquid  and  passing  a  current,  that  the  liquid  wUl  c<Mn- 
mence  to  rise  in  one  ann  of  the  tube  and  will  continue  to  rise  until 
a  definite  cnuilihrium  i.s  established.  For  a  given  difference  of 
potential  Iwtwcen  the  two  electrodes,  there  will  be  a  definite  differ- 
ence in  the  level  of  the  liquid  in  the  two  arms  of  the  tube.  The 
majority  of  substances  acquire  a  negative  electric  charge  when 

*  Rend.  R.  Air.H<l.  ilei  T/iiH.-i,  (5),  9,  351  (1900). 

t  Po«!.  Atm.,  87,  321  (tS52). 

t  Ibid.,  113,513  (1861). 

(  Jour.  Chim.  PhjB..  2,  601  (1904). 
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immerscJ  in  water.  The  water,  under  these  conditions,  becomes 
positively  charged  and  will,  in  conscqucijcc,  migrate  toward  Iho 
cathode.  On  the  other  hand,  certain  substaiirCH  ac<juire  a  iKJsitive 
charge  on  iininorsion  in  water  atui  in  iheai;  cusos  the  direction  of 
migration  will  obvtoii.sly  be  reversed. 

It  has  been  found  thai  ufids  cauH<'  negiitive  diaphragms  to  be- 
come less  negative  and  posiiivo  tliaphnigins  to  btM^oriit?  more  posi- 
tive. The  action  of  alkalioa  is,  aa  we  shoultl  ex|>ect,  the  reverse  of 
thai  of  a^'ids.  There  is  un  interesting  connection  between  the 
\-alenee  of  the  ions  resulting  from  the  dissociation  of  dissolved 
Nilt8,  and  the  tUffereuce  of  |X)tential  existing  between  the  liquid 
and  tile  diaphnigm.  When  the  diaphragnii  is  positively  charged, 
the  difference  of  potential  is  found  to  be  conditioned  by  the 
valence  of  tlie  anion,  and  when  the  diaphi'agm  Is  negatively 
cJiarged,  the  difference  of  potential  is  detennined  by  the  valence 
of  the  cation. 

Catapboresis.  When  n  (Ufterence  of  potential  is  established 
Ijctwoen  two  electroiies  innnoi'seil  in  a  suspension  of  finely-dividctl 
quartz  or  shelbw,  the  siisjieiided  p:trticles  move  toward  the  positive 
electjode.  This  phenomenon  is  called  caiaphoresis  and  was  first 
obsorvetl  by  Linder  and  Picton.*  They  showed  that  when  the 
terminals  of  an  electric  battery  are  connected  to  two  platinum 
electrodes  dipping  into  a  colloidal  solution  of  arsenioua  sulphide, 
there  is  a  gradual  migration  (if  the  ctAloid  to  the  positive  pole.  A 
wnilar  experiment  with  a  solution  of  coIloithU  ferric  hydroxide 
resulted  in  the  transport  of  the  dissolved  colloid  to  the  negative 
pole.  It  follows,  therefore,  tlial  the  particles  of  colloidal  ai'senious 
sulphide  are  negatively  chai-geil,  while  those  of  colloidal  ferric 
hydroxide  carry  a  positive  charge.  It  lias  been  found  that  all 
colloiils  carry  an  electric  charge.  In  the  t^ible  on  page  252,  some 
typical  colloids  are  cl.'issitie<l  acconiing  to  the  character  of  their 
«lectrificBtion  in  aqueous  solution. 

The  nature  of  the  charge  varies  with  the  dispersion  medium  used, 
colloidal  (Solutions  in  tur]}entinc,  for  example,  having  charges  oppo- 
site to  those  in  water. 

Direct  measiirements  of  the  velocity  with  which  the  particles 
•  Jour.  Chciu.  tfoc.  6i,  148  (1892}. 
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move  in  cataphorcsw  have  been  made  by  Cotton  and  Mouton.* 


ElMit  nHtoai  tl  vs. 

Htoauo-nagMtv*. 

Metallic  hydroxides 

Motliyl  violet 
Mrthvlcnc  blue 
Ma^truU  red 
Biftmarck  brown 
Hicmugluhin 

Ail  the  metals 
Metallic  sulphides 
Aniline  blue 
IniliKo 
Eoaine  - 
Starch 

particle  traveled  in  a  given  interval  of  time  under  a  definite  po- 
tential gradient,  they  calculated  the  average  velocity  of  migration 
of  a  number  of  suflpcnsoids.  The  following  table  giveu  the  velocity 
of  migration  of  a  few  typical  suHpcnsoids. 

VELOCITY  OF  MIGRATION  OF  SUSPENSOIDS.t 


Suepeoaoid. 

Averan  DiatneUr 

otPnrtuslM. 

Vthmty    i<fn./aac    foe 

Uml  Potc&tial 

Gndiant. 

50m 

1  MM 

<10Omm 

<  100  MM 

<100mm 

<  100  MM 

<  100  MM 

<  100  MM 

100  mm 

22XI(H 

30X10-* 

40X10^ 

30X10-» 

23.6X10-* 

U  OxlO"* 

12.0X10-* 

19  Ox  10-* 

30  0X10-* 

1  Pi«unc)li«fa.  Ka{)illarch«mM.  p.  334. 

It  will  be  observed  that  not  only  are  the  velocities  of  migration 
nearly  constant,  but  alao  that  they  are  apparently  independent  of 
the  size  and  nature  of  the  particles. 

The  presence  of  electrolytes,  especially  :icids  and  bases,  cxerciseB" 
a  marked  effect  upon  the  electrical  behavior  of  suspensoids. 
Owing  to  the  comparative  instability  of  suspensoids,  the  addition 
of  electrolytes  usually  results  in  the  cotnplete  precipitation  of  the 
ooUoid. 

*  Jour.  Chiin.  Phys.,  4,  365  (1906). 
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Gmulsoids  also  show  the  pbcnomciioii  of  cataphore«iR,  but  their 
vekx^ities  of  miKnitioii  are  ajjprecjubly  lose  thau  tlit;  wtrresponding 
velocities  of  suspeiitioid8,  and  their  behavior  iu  an  electric  field  is 
flueh  as  to  make  it  appear  quite  probable  that  the  character  of  th^r 
electric  chargt;  is  entirely  fortuitous.  Furthermore,  emulsoids  are 
much  more  8u.sceptible  to  the  iiifiueucc  of  electrolytes  than  are 
suspcDsoids. 

W.  B.  Hardy  •  has  found  that  the  direction  of  migration  of 
ftlbumin,  modified  by  htsitini;  to  100°  C,  is  dcj>cndent  uj>on  the 
rcution  of  the  dispersion  mtHlium.  A  very  small  quantity  of  free 
base  causes  the  partich^  of  ull)urnin  t^)  move  toward  the  positive 
electrode,  while  the  nildition  of  an  equally  small  amount  of  acid 
rsultA  in  a  reversal  of  the  direction  of  migration.  Similar  reversals 
of  charjcn  have  been  oK*erved  by  Burt4)n  t  in  colloidal  solutions  of 
gold  and  silver.  '  When  smalt  amounts  of  alvuninium  sulphate  are 
wlded  to  colloidal  solutions  of  these  metals,  the  charge  is  gradually 
Mutralized  and  eventually  the  colloidal  particles  acquire  a  reversed 
cbar^. 

Electrical  Conductance  of  Colloidal  Solutions.  The  electrical 
conductance  of  suspensoids  difTiTs  so  slightly  fmni  that  of  the  pure 
■liBpcraion  medium  that  it  is  diffiiuit  to  decide  whether  the  small 
increase  in  conductance  may  not  be  due  to  the  pi'csence  of  traces 
of  iulsorbcd  electrolytes.  In  order  to  aswrtain  to  what  extent  the 
inductance  of  auspeiLsoids  is  dependent  upon  the  presence  of 
fidaorbed  electrolytes,  Whitney  and  Blake  %  investigated  the  effect 
of  successive  electrolyses  upon  the  conductance  of  a  gold  hydrosol. 
1'  the  pure  sol  is  incapable  of  eahancmg  the  conductance  of  the 
dwperaion  medium,  then  as  the  sol  is  subjected  to  successive  elec- 
IfolyBes,  the  conductance  should  steadily  diminish  and  ultimately 
««omc  identical  \vit.h  thai  of  the  dispersion  medium.  Whitney 
Md  Blake  found  that  the  conductance  converged  to  a  definite 
Jiinitiiig  value  which  was  slightly  gR»ater  than  the  conductance  of 
*lw  dispersion  mc<lium.  From  these  ex|>eriments  we  seeiu  to  bo 
■-'arranted  in  concluding  that  suspensoids  conduct  the  electric 
cwrciii  very  feebly. 

•  Jour.  Physkil..  04,  288  (1899). 

t  Phil.  Mag.,  13,472(1906). 

t  Jour.  Am.  Chem.  80c.,  %iy  1339  (1«H). 
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Emulfloids  appear  to  conduct  rather  Iwllor  limn  suspeiwoid*. 
Whitney  and  Bloke  measureti  the  conductance  of  sUicic  add  lod 
gelatine  sots  and  found  the  spetufic  conductance  of  the  fonner  lobe 
lot)  X  1U~'  reciprocal  ohnw  and  tJiat  nf  the  latter  to  I*  68  X  Ifr^ 
reciprocal  ohms.  Ou  tlie  other  hand,  Pauii  *  found  tliat  an  albumin 
sol  which  had  been  prepared  writh  extreme  care  wa**  virtually  a 
non-conductor.  It  should  be  remembered,  however,  tlmt  iho 
albumins  are  closely  related  to  the  simple  amino-acida  which  an* 
known  to  l>e  exfecflin^ly  poor  conductors. 

Precipitation  of  Colloids  by  Electrolytes.     One  of  the  mort 
important  and  interesting  divisions  of  the  chemistry  of  cidloid^  in 
tliat  which  treats  of  the  precipitation  of  suspensoids  and  eiuulaoidft 
by  electrolytes.     In  gnneral,  it  may  l>e  said  that  the  precipitJitioD 
of  colloids  by  electroI>tes  ia  an  iiTeversible  |)roceea.     CoUoid&l 
solutions  are  more  or  leas  iinstaljle  systems  iri>^poc1ivo  of  Ih© 
methods  employetl  in  their  preparation,  and  the  ailditiun  of  a  small 
amount  of  an  clectrolyto  is  usually  found  to  lie  sufficient  to  eiuue 
the  sol  immediately  to  become  opalescent,  and  ultiinately  to  pre- 
cipitate, leaving  the  diBjK^rsion  medium  iierfoitly  clear  and  free 
from  the  disperse  phase.    Some  exceptions  to  tliis  genera]  state- 
ment as  to  the  behavior  of  colloids  arc  known.     For  example, 
Whitney  and  Blake  j  found  that  prei^pitatcd  ^old  could  bo  caused 
to  return  to  the  cuUoitlal  state  by  treatment  with  ammonia,  while 
Linder  and  Picton  {  discovoretl  that  a  ferric  hydroxide  hydroaol, 
which  Imd  been  precipi(nt4.*d  witli  scxliuni  chloride,  could  be  to- 
stored  to  the  colloidal  condition  by  simply  removing  the  elcctrohia 
with  water.    The  sedimentation  of  suspensitms,  such  as  kikoUn  in 
water,  is  aUw  promoted  by  the  addition  uf  electrolytes. 

On  the  other  hand,  non-electmlyt^s  have  no  (»fffx;i  upon  the 
stability  i)f  sus{)4>nKoidH  or  simple  sa^iieiiHions. 

Precipitation  of  Suspensoids.  The  phennmenon  of  the  pn- 
cipitation  of  suspensoids  has  been  carefully  investigated  by 
Frcundlich.§     Me  has  found  that  an  amount  of  electrolyte  which 

•  Beitrag.  Chrm.  PhyK.  Path.,  7.  Mi  flfiOft). 

t  Jour.  Am.  Chem  Hw.,  26,  I.'IHI  <100i). 

J  Jijur.  Chtiu.  Soc..  6j,  114  (1SW<;  67,  iy24  (lfl05). 

}  Zeit.  pb>-H.  Clituu.,  44,  131  il9U3). 
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is  incapable  of  bringing  about  an  instantaneous  precipitation,  may 
become  effective  after  an  interval  of  time.  He  has  also  shown 
titat  the  total  quantity  of  elwtrolyte  required  t-o  precipitate  a 
suspeosoid  completely  depends  u]x>ti  whether  the  electrolyte  is 
added  all  at  one  time  or  in  successive  portions.  In  order  to  eom- 
pare  the  precipitating  action  of  various  elcL'trolytcs,  Frcundlich 
proposed  the  following  proccdiiro,  which  prevents  the  possibiUty 
of  irregularities  due  to  the  time  factor:  —  To  20  cc.  of  a  solution 
of  a  stispensoid,  2  cc.  of  the  solution  of  the  electrol>'to  are  added, 
the  resulting  solution  being  shaken  vigorously;  the  mixture  is  then 
Kt  aside  for  two  hours,  after  whic^h  a  small  portion  is  filtered  off, 
and  the  filtrate  is  examined  for  the  susi>ensoid.  In  the  following 
table  some  of  the  results  ohtainwl  by  Freundli;:h  with  colloidal  solu- 
tioDaof  ferric  hydroxide  are  given.  The  data  represent  the  mini- 
mum concentration  for  each  electrolyte  which  produced  precipita- 
tioD  in  two  hours. 

It  will  be  seen  that  very  small  amounts  of  the  electrolytes  are 
required  to  precipitate  the  suspensoid,  and  further,  that  the  pre- 
Qpitating  power  of  an  electrolyte  is  dopiuidenl  ujx)n  the  charge  of 
tbe  negative  ion.  The  greater  the  charge,  the  smaller  is  the 
quantity  of  electroljie  required  to  produce  precipitation. 

PRECIPITATING  ACTION  OF  ELECTROLYTES  ON  FERRIC 
m'DROXIDK  HYDROSOL. 
(16  milli-mols  Fo(OH)a  per  liter.) 


Cotircnt  ratinti 

Elaotmlytc. 

(inilli-tnuU  per 

Naa 

ft  25 

KCl 

9.03 

HaCli 

9.64 

KNO, 

11.9 

KBr 

12.S 

Bii(NO,), 

14.0 

KI 

16.2 

UCl 

400  ca. 

Ba(OHJ, 

0.42 

H»{SO), 

0.204 

Mi^O, 

0.217 

0.194 

H,bO. 

0.5  ca. 

I 
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The  s^nificance  of  the  relation  between  ionic  chai^  and  pre- 
cipitating  power  was  first  pointefl  out  by  Hardy,*  who  formulAted 
the  following  rule:  —  Tke  precipUatum  of  a  colloidal  aallulion  ii  dt- 
termined  by  that  ion  of  an  added  electrolyte  which  has  an  dectric  dar^ 
opposite  in  sign  to  that  of  the  coUoidcd  partidea. 

It  has  already  been  pointed  out  that  colloidal  particles  of  ana- 
nious  sulphide  are  negatively  charged,  hence,  according  to  Hardy's 
rule,  the  positive  ions  of  the  added  electrolyte  will  condition  the 
precipitation  of  the  suspensoid.  The  experiments  of  FreuncDich 
confirm  this  prediction,  as  is  shown  by  the  following  table: 

PRECIPITATING  ACTION  OF  ELECTROLYTES  ON  ARSENIOUS 
SULPHIDE  HYDROSOL. 

(7.54  milli-mola  AsiSs  per  liter.) 


CoQoe&tration 

Electrolyte. 

(tnilli-mola  per 

litar). 

KCl 

49.5 

KNOi 

60.0 

KCHiO, 

110.0 

NaCl 

51.0 

LiCl 

68.4 

MgCl, 

0.717 

MgSO. 

0.810 

CaCU 

0.649 

SrCli 

0.636 

BaCl, 

0.691 

Ba(NO,), 

0.687 

ZnCl, 

0.685 

AlCli 

0.093 

AKNO,). 

0.096 

Precipitation  and  VtUence.  An  examination  of  the  preceding 
tables  reveals  the  fact  that  although  the  ionic  concentration  neces- 
sary to  bring  about  precipitation,  in  accordance  with  Hardy's  rule, 
decreases  with  increasing  valence,  the  diminution  in  concentration 
is  not,  as  we  might  expect,  inversely  proportional  te  the  valence  of 
the  precipitating  ion.  The  absence  of  any  simple  quantitative 
rdation  between  the  valence  of  an  ion  and  its  precipitating  oon- 

*  Zeii.  phyi.  Chem.,  33i  3^  (1900). 
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oentratioQ  is  undoubtedly  due  to  the  influence  of  several  potent 
factorsi  such  as  adsorption  and  the  protective  action  of  ions  whose 
electric  charge  is  of  the  sainc  sign  as  that  of  the  colloiiial  nubstance. 

Precipitation  of  Emulsoids.  TbL*  action  of  electrolytes  oa 
emulaoida  is  much  more  obscure  than  the  action  of  electrolytes  on 
nq)eQaoids.  Nothing  approaching  a  generalization  similar  to 
Hardy's  rule  for  the  precipitation  of  suflpensoidd  hjus  been  found  to 
ipply  to  the  precipitation  phenomena  manifested  by  emulsoids. 
Owing  to  the  fact  tliat  emulsoids  are  liquids,  and  in  consequence 
of  their  greater  degree  of  dispersity,  it  has  been  suggested  that 
onulsoids  probably  resemble  true  solutions  more  closely  than  sus- 
pensoids.  In  fa<'t  there  is  reason  for  assuming  that  a  portion  of 
the  colloid  is  actually  dissolved  in  the  dispersion  medium.  This 
may  account  for  the  fact  that  the  precipitation  of  emulsoids  is 
Bometimes  reversible  and  sometimes  irreversible.  It  is  to  be  re- 
gretted that,  up  to  the  present  time,  so  many  of  the  investigations 
on  emulsoids  have  been  carrie<i  out  with  materials  of  questionable 
purity  and  of  insuflScient  unifonnity. 

The  adchtion  of  salts  to  gelatine  generally  causes  irreversible 
precipitation,  provided  the  concentration  of  the  salt  is  not  too  low. 

The  precipitation  of  albumin  by  some  salts  is  reversible  while 
by  others  it  is  irreversible.  Those  transformations  which  are 
initially  reversible  gradually  become  irreversible  on  standing. 
Although  relatively  concentrated  solutions  of  salts  of  the  alkalies 
and  alkaline  earths  are  required  to  precipitate  albumioj  very  dilute 
solutions  of  the  salts  of  the  heavy  metals  are  found  to  be  sufficient 
lo  bring  about  complete  precipitation. 

Action  of  Heat  on  Emulsoids.  When  an  albumin  hydrosol  is 
gradually  heated,  a  temperature  is  ultimately  reached  at  which 
coagulation  occurs.  The  exact  nature  of  this  transformation  is 
Dot  understood,  but  it  is  believed  to  be  largely  chemical.  This 
belief  is  based  upon  the  fact  that  the  reaction  of  the  natural  albu- 
nuos  toward  Htmus  is  altered  by  heating.  Slight  acidity  of  the  sol 
m  essential  to  complete  coagulation,  while  an  excess  or  a  de- 
ficiency of  acids  causes  a  portion  of  the  albumin  to  remain  in  the 
«i.  The  presence  of  various  salts  has  l>een  found  to  exert  a 
niarked  iiillueuce  on  tho  temperature  of  coagulation  of  albumin. 
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Tlie  TOagiilation  t«inperalure  U  invariably  raised  at  first, ; 
a  constant  vjUiie  in  some  cases,  while  in  others  it  decreases  aftei 
reaching  a  maxiniuiu  temperature.  It  is  especially  interesting  ti 
note  thai  the  unions  of  the  salts  follow  the  usual  lytropic  sequence 
The  effect  of  heat  on  a  gelatine  sol  is  very  different  from  it 
effect  on  an  albumin  sol.  If  a  fairly  concentrated  gelatine  boI  i 
heated  and  then  i>emiitted  to  cool,  it  sets  into  a  jelly  which  is  no 
reconverted  into  a  sol  when  the  temperature  is  ugain  ruLsral.  Fur 
thermorc,  the  change  does  not  take  place  at  a  definite  temperature 
In  studying  t\w  pliononieiion  of  gelation,  either  the  teinpcratur 
or  the  time  of  gelation  may  loe  determined.  The  melting-point  a 
pure  gelatine  ranges  from  26°  to  29°  while  the  solidifying  tcmp^^ 
ture  lies  between  25°  anti  18°.  The  melting  and  solidifying  t«n 
perature  of  gelatine  sols  varj'  with  the  concentration;  a  5  per  cen 
sol  melts  at  26°.  1  and  solichfies  at  17°.8,  wliile  a  15  per  cent  so 
melts  at  2fl°.4  and  solidifies  at  25°.5.  The  temperature  of  the  gel 
bo!  transfommtion  is  afTected  by  tlie  addition  of  salts,  some  tendini 
to  raise  the  temiwrature  of  gelation  and  others  to  lower  it.  Th 
order  of  tfie  anions  arranged  according  to  their  influence  on  th 
gel-sol  transfornuition  is  iis  follows:  — 

Raising  temperature:  SO4  >  Citrate  >  Tartrate  >  Acetate  (HjO) 
Lowering  temperature:  (H,0)  CI  <  CIO3  <  NOi  <  Br  <  I.     M 

The  same  lytropic  order  was  found  by  Schroeder  *  m  an  invcsU 
gation  of  the  viscosity  of  gelatine  sols. 

It  is  noteworthy  that  the  influence  of  salts  on  the  temperatur 
of  gelation  i>f  agar-agar  and  other  similar  substancca  is  analogou 
to  their  effect  on  gelatine,  the  same  lytropic  sequence  being  main 
taioed. 

Protective  Colloids.  The  pn^cipitnting  action  of  c^lectrolyte 
on  suspeiLsuiils  may  be  inhibited  by  adding  to  the  solutiop  of  tb 
auspeiisoid  a  reversible  colloid.  The  prot<tctive  action  of  a  re 
versibic  colloid  is  not  due.  ils  might  be  supposed,  to  the  increase> 
viscosity  of  the  mecUum  and  the  resultant  resistance  to  se<Iimenta 
tion,  since  amounts  of  a  reversible  colloid,  too  minute  to  produc 
any  appreciable  increase  in  the  viscosity  of  the  medium,  can  pre 

•  Zeit.  phys.  Cbem.,  45.  75  (1903). 
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vent  precipitation.  Thus,  Bechhold  *  has  shown  that  while  a 
mixture  of  I  cc.  of  a  suspension  of  mastic  and  1  cc.  of  a  0.1  niular 
eoiutJon  of  MgSOa  diluted  to  3  cc,  with  watiT,  is  cornpleloly  pr&- 
cipilated  in  15  niinutciSr  no  procipitutiun  will  occur  wiUiin  24  hours, 
if  two  drops  of  a  1  per  cent  solution  of  gelatine  be  addeil  before 
<li)uting  to  3  cc. 

Oimi  araliic  and  ox-blood  serum  exert  a  similar  protet-live  action 
when  added  to  a  suspension  of  mastic.  The  protective  power  of 
ntversible  colloids  differs  widely  and  Zsigmondy  f  has  attempted 
to  make  this  the  ba.sis  of  a  method  of  classification  of  colloidal  sub- 
stances. A  red  solution  of  colloidal  gold  Imhwucs  blue  on  the 
■ddition  of  a  small  amount  of  sodium  chloride,  owing  to  the  in- 
oeaae  in  the  size  of  the  colloidal  partirle-s.  \'arious  colloidal  sub- 
stances when  ad<led  to  a  red  colore<l  gold  sol  protect  the  colloidal 
particles  from  precipitation  by  a  solution  of  sodiimi  chloride,  no 
diaogG  in  cwlor  following  the  addition  of  the  electrolyte.  A  definite 
amount  of  each  coUoidiil  sulyatance  is  required  to  prevent  the 
change  from  md  to  blue  in  the  oolor  of  the  ^Id  sol.  In  etnploj'inK 
this  color  eliange  as  a  means  of  differt^ntiating  colloidal  aubstaiures, 
Zaigmondy  introduced  the  "gold  umnber,"  wliicli  may  be  defined 
IS  the  weight  in  milligrams  of  a  cuDoidaJ  substance  which  is  just 
insufficient  to  prevent  the  change  from  red  to  blue  in  10  cc.  of  a 
Rold  sol  after  the  addition  of  1  cc.  of  a  10  per  cent  solution  of 
Bodium  chloride.    The  following  table  gives  the  gold  numbers  of  a 

few  colloids. 

GOLD  NUMBERS  OF  COLLOIDS. 


Colloid. 


GeUtinf 

Casein  (in  ummonia) 

EKK'^l"iniiti 

(Jiiui  arable 

Dtxtrin 

Starch,  wheat 

Starch.  (Hitato 

Sodium  stcarate 

Sodium  locate 

Cane  sugar 

Urea 


Cold  Numtior. 


0  005H],01 

0  01 

0  15-0  25 

0  1&-0  25;0  5-4 

fM2: 10-20 

4-6  (about) 

25  (about) 

10  (at  00");  0.01  (ot  100° 

0.4-1 

8 

8 


•  Zeit.  phya.  Chcm.,  46,  408  (1904). 
t  Zeit.  anatyt.  Cbetu.,  40,  697  (1901). 
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The  gold  number  has  proven  useful  in  difFerentiatlng  the  yatioil^ 
kinds  of  albumin,  as  is  shown  in  the  following  table. 

GOLD  NUMBERS  OF  ALBUMINS. 


AlbiimiD. 

Oold  Numbar. 

0.08 

0.02-0.05 

0. 04-0. OS 

0.1-0.3 

2-8 

0.00M).O4 

G  obulin 

Albumin  (alkaline) 

The  addition  of  alkali  to  any  one  of  the  first  five  albumins  of  the 
above  table  reduces  the  gold  number  to  that  of  alkaline  albumin. 
Sulphide  sols  may  be  protected  as  well  as  metallic  sols,  and  further- 
more the  ability  to  exert  protective  action  is  not  confined  to  organic 
colloids  alone. 

In  general,  it  may  be  said  that  when  a  suspensoid  sol  is  mixed 
with  an  emulsoid  sol  in  the  proper  proportions,  the  suspensoid  sol 
acquires  most  of  the  characteristic  properties  of  the  protecting 
colloid.  The  masking  of  the  properties  of  a  suspensoid  sol  by  a 
protecting  colloid  is  probal)ly  to  be  ascribed  to  the  formation  of  a 
thin  film  of  adsorbed  emulsoid  over  the  suspensoid. 

Reciprocal  Precipitation.  A  further  deduction  of  the  elec- 
trical theory  of  precipitation  is,  that  when  two  oppositely-charged 
colloids  are  mixed,  they  should  precipitate  each  other,  and  the 
resulting  precipitate  should  contain  both  colloids.  Experiments 
carried  out  by  Biltz*  have  confirmed  these  predictions.  He 
showed  that  when  a  solution  of  a  positively-charged  colloid  is 
addni  to  a  solution  of  a  negatively-charged  colloid,  precipitation 
occurs,  unIos.s  tlio  quantity  of  the  added  (colloid  is  either  relatively 
very  large  or  very  small.  He  also  sIiowcmI  that  when  two  colloids 
of  the  same  electrical  sign  arc  mixed  no  precipitation  occurs.  Just 
as  the  amount  of  precipitation  caused  by  the  addition  of  an  elec- 
trolyte to  a  .sol  is  conditioned  by  the  rate  at  which  the  electrolyte 
is  added,  so  also  the  precipitation  of  one  colloid  by  another  is  de- 
•  Berichte,  37i  1095  (1904). 


pendent  upon  the  manner  in  which  the  two  sola  are  mixed.  The 
ertcDt  to  which  one  &ol  irt  precipitated  by  another  sol  of  opposite 
ago  is  largely  determined  by  the  amount  of  one  that  is  added  to  a 
definite  amount  of  the  other.  This  is  clearly  shown  by  the  data 
of  the  following  table  which  Rive  the  results  ol)t.ained  by  Biltz  on 
adding  ferric  hydroxide  sol  to  2  cc.  of  an  antimony  trisulphide  sol 
containing  2.8  mg.  per  cc. 

PRECIPITATION  OF  COLLOIDAL  ANTIMONY'  TRISlfLPHIDE 
BY  COLLOIDAL  FKRRIC  HYDROXIDE. 


FV>i<mc.)- 

ImmetliAW  Aeault. 

Rnult  afbar  One  Koui. 

0.8 

Cloudy 

Almost  homogcneouB 

32 

Small  Bakes 

UnchanRC!*! 

4.8 

Flakes 

Yellow  liquid 

6.4 

Complete  precipitation 

Complete  precipitation 

8.0 

8low  precipitAdoQ 
Cloudy 

Complete  precipitation 

13.8 

Slight  precipitation 

20.8 

Cloudy 

Homogeneoiirt 

It  will  1>c  seen  that  the  addition  of  a  small  amount  of  ferric 
hydmxide  pro<luces  hardly  any  precipitation.  With  the  addition 
of  larger  ainouiit^  of  ferric  hydroxide,  the  amount  of  precipitation 
increases  until  finrilly  cornp!et«  preiMpitation  is  attained.  The 
iddition  of  larger  quantities  of  ferric  hydroxide  produces  either 
Kttfe  or  no  precipitation.  It  has  been  found  that  at  the  concen- 
tration which  just  produces  complete  precipitation,  the  electrical 
ciiarges  on  the  two  soLs  are  etiuivalent.  When  the  amount  of  ferric 
fcydroxitle  exceeds  that  rtxiuired  for  complete  precipitation,  it  is 
mort'  than  probable  that  the  particUw  of  colloidal  antimony  tri- 
mlpliidc  are,  complet*ily  enveloped  by  the  particles  of  ferric  hy- 
droxide and  thereby  rendere*!  inactive. 

When  we  come  to  study  the  action  of  one  emulsoid  on  another, 
we  find,  aa  might  l>e  expected  frnni  the  general  behavior  of  eniul- 
widg  toward  electrolytes,  that  the  phenomena  are  more  complex 
mkI  verj-  nmch  less  well-detiiied  than  with  suspensoida.  .'Mthough 
mutual  precipitation  does  take  place  with  enuil.soids,  the  close 
'BBembl&noe  between  emulsoids  and  true  solutions  renders  the 
I^nomenon  more  or  less  indistinct. 
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When  a  mispensoid  so!  is  added  to  an  emulsoid  sol  having  an 
opposite  electric  charge,  precipitation  may  or  may  not  occur 
accordioK  to  the  relative  amounts  of  the  two  colloids  in  Uie  mix- 
ture. Wlien  the  two  colloids  are  present  in  electrically  equivalent 
quantities  precipitation  occurs,  otherwise  one  colloid  exert*  a 
protective  action  on  the  other. 

Characteristics  of  Gels.  Gels  are  generally  obtained  by  eooUng 
or  eva[x>rating  emulsoid  sols  and,  since  the  latter  are  known  to  Ijc 
two-phase  liquid  systems,  it  is  natural  to  infer  that  gels  may  also 
be  two-phase  systems.  According  to  this  conception,  the  only 
difference  between  an  emulsoid  sol  and  a  gel  is,  that  in  the  latter 
the  concentration  of  at  least  one  of  the  phases  is  greatly  increased 
and  thereby  imparts  greater  viscosity  and  rigidity  to  the  syston. 
It  has  l>een  suggested  that  the  more  concentrated  of  the  two  phases 
forms  the  walls  of  an  assemblage  of  cells  within  which  the  more 
dilute  phase  is  enclosed.  The  view  that  gels  possess  a  distinct 
cellular  structure  is  fully  confirmed  by  microscopic  examination. 

The  extreme  sensitiveness  of  gels  to  changes  in  temperature  and 
to  the  presence  of  extraneous  substances  renders  their  investi- 
gation exceedingly  difficult.  Notwithstanding  the  experimental 
difficulties  involved  in  the  study  of  gels,  sufficient  knowledge  has 
been  gained  of  their  properties  to  make  a  brief  account  of  these 
necessary  in  any  treatment  of  the  subject  of  colloids. 

Physical  Properties  of  Gels.  The  procc«s  of  gel  formation 
from  a  dr>'  gelatinous  colloid  and  water  invariably  involves  con- 
traction. This  statement  should  not  be  confused  with  the  fact 
that  a  gel  on  immersion  in  water  undergoes  appreciable  increaao  in 
volimie. 

Gels  have  been  shown  by  Barus  *  to  be  considerably  more  com- 
pressible than  solids.  The  compressibility  Increases  as  the  tem- 
perature is  raised  until,  when  the  gel  ia  transformed  into  the  sol, 
the  compressibility  becomes  equal  to  that  of  pure  water.  The 
temperature  of  some  gels,  such  as  rubber  and  gelatine,  is  lowered 
by  compression  and  raised  by  tension. 

The  thermal  expansion  of  gels  is  nearly  identical  with  that  of  the 
more  fluid  component  of  the  gel. 

*  Am.  Jour.  Sd.,  6,  285  (1898). 
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Thp  rato  at  which  piirR  Hubstaiu-es  diffuse  in  gels  differs  only 
aiigiiily  fniin  the  rate  of  difTuRitHi  in  pure  water,  provided  the  con- 
centration of  the  gel  is  not  too  great.  The  slight  resistance  oflfered 
bj-  gels  1*1  difTiiAion  of  diswohed  sul>8tance8  may  be  regarded  as 
furtlter  evidenre  in  favor  of  theit  t^llular  structure. 

The  modulus  of  elasticity  of  a  gel,  cast  in  a  cylindrical  mold,  ia 
given  by  the  formula 

PI 


E4^ 


TJ=\l 


whftre  P  is  the  tension  which  produces  the  increase  in  length  A2  in 
a  cylinder  who^ie  length  is  /  and  whose  radius  is  r.  It  ha^  been 
found  that  the  modulus  of  elaslicity  in  gelatine  gels  increa«ea  as  the 
iquare  of  the  concentration  of  the  gel.  TJie  time  of  recovery,  after 
r^Msng  the  tension,  increases  as  the  concentration  of  the  gel 
inrreascs. 
The  shearing  modulus  for  a  gel  is  given  by  the  fonimla 


E,= 


E, 


2(1 +M) 


where  p  denotes  the  ratio  of  the  relative  contraction  of  the  diameter 
to  the  relative  change  in  lenj^h.  The  \'isr(XHity  of  a  gel  may  bo 
calculated  from  the  shearing  niodiiliLs  by  nutans  of  the  equation 

where  t  denotes  the  time  of  recovery.  Since  both  E,  and  r  increase 
with  the  concentration  of  the  gel  it  is  apparent  that  the  viscosity 
o(  the  gel  nmst  also  increase  with  the  concentration. 

As  is  well  known,  when  glass  is  subjected  to  pressure  or  is  un- 
equally strained,  it  exhibits  the  phenomenon  of  tlouble  mfraction. 
Since  glaAS  l)ears  some  rraemblance  to  gels  in  being  a  highly  viscous, 
BUpprcooletl  liquid,  it  might  rcAsornibly  bii  inferred  that  gels  should 
also  show  double  refraction.  Ex[)erimcnts  with  collodion  and 
K^tinc  have  shown  that  these  substances,  when  subjected  to 
prpsBure,  Iwhave  similarly  to  glass. 

Hydration  and  Dehydration  of  Gels.  The  complementary 
processes  of  hydration  and  deltydration  of  gels  are  extremely  inter* 
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Qfiting.  FollowiiiR  Frouudlii'h  *  we  will  consider  tho  subject  very 
briefly  under  (iic  Iwu  following  hcacU:  (a)  NuM-elnsuc  GeU  and 
(b)  Elastic  Gels. 

(o)  Nofi-daiiiic  Gels.  When  freshly  preparwi  aluminium  or  fer- 
ric hydroxide  gels  wore  placed  in  a  deaiixator.  it  was  fuund  In* 
van  Bemnielen  f  that  the  rate  at  which  these  aulistancuo  lost  water 
was  continuous.  Furthermore,  on  renioving  Oie  <lrit^i  giMs  fniin 
tho  desiccator  it  wa.s  found  that  the  procffSfl  of  recovery  of  nioii^ture 
was  also  continuous.  It  will  he  shown  in  n  sul>se<)ucnt  chapter 
(p.  320)  that  a  definito  hydniUi  in  the  i)nwciice  of  iia  productijt  of 
dissociation,  possesses  a  constant  vapor  pressure  so  long  as  any  of 
that  particular  hydrate  is  present.  The  fact  that  the  vapor 
pressure  of  the  gels  investigated  by  van  Bcnimelen  did  not  reuiain 
constant  but  decreased  continuously  as  the  water  was  removed, 
proved  conclusively  that  no  chemical  compounds  were  fonned  in 
the  process  of  gel  hydration. 

jVjiother  gel  which  has  been  made  the  subject  of  much  careful 
investigation  is  silicic  acid.  The  dehydration  curve  of  ailioic  acid 
is  continuous,  with  the  exception  of  a  short  portion  where  an  ap- 
preciable amount  of  water  is  loet  without  much  of  any  change  tn 
the  vapor  pressure.  This  portion  of  the  curve  oorresponda  to  a 
marked  change  in  the  appearance  of  the  gel.  The  gel  which  hrwl 
hitherto  be(Mi  clear  and  transparent  Ijecume  opaloBcent  soon  after 
the  va[mr  pressure  had  attUineit  a  temporarily  constant  value. 
Tlie  opaltweenwf  gradually  |>enneatc<I  the  entire  masB,  uiitU  tlie 
ge!  acquire*!  a  yellow  color  by  tranttmitted  liglit,  and  a  bluish  color 
by  reRcetcd  light.  Tlieso  colom  suggest  a  marked  increase  in  tho 
degrtM^  of  dispersity  of  the  gel.  an  inference  the  con-ectDeas  of 
which  sul>sequent  investigation  has  fully  ctiofirmed. 

The  curve  of  hydration,  while  resembling  the  curve  of  dehydin* 
tion  in  many  rnspect«,  departs  (luite  wi<lely  from  it  in  others.  Tho 
change  in  disjw'rsity,  as  indicated  by  the  appearance  in  re\t?rmr 
order  of  the  color  and  opalescent  phenomena  mentioned  abovo^ 
also  was  manifest. 

Ka)ii1larcheniic,  p  4R6. 

Zeit.  onorg.  Chcmie,  5,  4G0  (1894);  13, 333  (1897);  18,  H,  98  (1808);  jo^ 
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(>)  Eltutic  Gels.  The  absence  in  elastic  gels  of  a  horizontal 
ponioD  in  the  dehydration  curves,  and  the  fact  that  although 
eJasIic  gels  may  have  become  saturalecl  with  water  vapor,  they 
still  n^tain  the  power  of  taking  up  hir^re  amount*  of  liquid  water 
when  inunereed  iii  that  uiedium,  eoustitute  the  chief  differences^ 
tKtween  elastic  and  oon-clostic  gels.  ■ 

The  amount  of  water  which  can  bo  ta.kcn  up  by  an  elastic  gel  is 
exceedingly  large.     Thus,  on  exposing  a  plate  of  gelatine  weighing 
O.WM  grain  for  eight  days  in  an  atmosphere  saturated  with  water 
vjpOT,  Schroetier  *  found  that  it  hod  taken  up  0.37  gram  of  water. 
Onexpoaing  for  a  longer  period  of  time  under  the  same  conditions, 
be  found  no  further  gain  in  weight,  and  on  removing  the  gelatine 
plate  fnjni  the  moist  atmosphere  and  placing  it  in  a  desiccator,  tho 
plate  slowly  gave  up  the  absorbed  moisture  and  regained  its  origi- 
nal weight.    On  the  other  hand,  when  the  plate,  after  having 
ld»orbed  tlie  maximum  weight  of  moiHturc  from  the  air,  was  im- 
maraed  in  water,  it  was  found  to  increase  in  weight  veiy  rap- 
idly.    Thus,  on  immersing  the  above  plate  which  weighed  1.274  fl 
grams  when  saturated  in  moist  air,  and  allowing  it  to  remain 
in  water  for  one  hour,  it  was   found   to   have  taken  up   5.63 
grams  of  water.    After  an  immersion  of  twenty-four  hours,  the  fl 
itole  was  found  to  have  taken  up  the  maximimi  weight  of  water 
it  was   capable  of  absorbing  at  that  temperature.      On  remov- 
iQg  the  plate,  it  was  found  to  part  with   the  absorbed  water  fl 
ver\'  readily,  even  in  moist  air,  the  greater  part  of  the  absorbed 
water  being  so  loosely  held  that  the  vapor  jiressure  of  the  gel 
remained  the  same  as  that  of  pure  water  at  the  temperature  of 
the  experiment. 

It  is  impossible  to  measure  directly  the  pressure  produced  by  gels 
idten  they  take  up  water,  but  some  idea  of  the  magnitude  of  these 
pressures  may  I>e  obtained  by  coating  a  glass  plate  with  gelatine, 
which  hari  imbil)e<i  the  maximum  amount  of  water,  and  observing 
the  degree  to  which  the  glaA»  plate  is  bent  by  the  drying  gelatine 
film.  Frequently  the  clastic  limit  of  the  glass  is  exceeded  and 
the  plate  breaks  under  the  stress  produced  by  the  dehydration  of 
the  gel. 

*  Zcit.  phya.  Cbem.,  45,  75  (IDOSJ. 
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Velocity  of  Imbibition.  The  rate  at  which  gels  imbibe  water 
hius  been  wtu^Iiec!  liy  nufineister*  The  velocity  of  imbibition  of 
wat«r  by  thin  pUlcs  of  gelatine  and  agar-agar  was  measured  by 
removing  the  plaleH  at  definite  intervals  and  determining  their 
increaw  in  weight.  Owing  to  the  time  consumed  in  making  the 
woiKhirips,  the  time  intervals  are  alTetned  hy  an  appreciable  error. 
The  following  tabic  gives  the  data  of  a  single  experiment  with 
gelatine. 

VELOCITY  OK  IMBIBITION  IN  GELATINE. 
CThickness  oi  plate  0.5  mm.) 


Tim*  ■[min.). 

W'Ktw  Iinbibvil 

(grmma). 

k 

5 
10 
15 
20 
25 

9D 

3  OS 

3  88 

4  26 
4  58 
4  67 
4  96 

Q  000 
0.084 
0.084 
0.064 
0  075 

If  the  weight  of  water  imbibed  in  t  minutes  is  «J|,  and  w^  is  the 
maximum  weight  of  water  which  a  gel  can  tAke  up  under  the  con- 
ditions, then  the  velocity  of  imbibition  should  be  given  by  the 
equation 


-ITi), 


which  on  integration  becomes 


The  figures  in  the  third  column  of  the  preceding  table  were  cal- 
culated by  means  of  this  equation  and,  although  the  values  are  not 
strictly  constant,  the  variation  is  no  greater  than  might  be  expected 
where  the  experimental  error  is  so  large. 

Heat  of  Imbibition.  The  process  of  imbibition  is  accom- 
panied  by  an  evolution  of  heat.      Quantitative  measureraoats 


*  Arcb.  exp.  Patbol.  u.  Phannakol.,  37.  395  (1890). 
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of  the  heat  evolved  when  gels  take  up  water  have  been  made 
by  Wiedemann  and  Liidcking  *  and  also  by  Rodewald.f  The 
foUowing  table  ^ves  Rodcwald's  data  on  the  heat  of  iiiibibitioD 
of  starch. 

HEAT  OF  IMBIBITION  OF  STARCH. 
(Weight  of  dry  »tarch  100  griinin.) 


Per  Cftnt,  Water. 

IleAt  iti  Cdoriee  por 
Gmai  at  BUrch. 

023 

2.39 

5.27 

11  55 

15  6S 

19.52 

28  n 

22  60 

15.1? 
8,43 
5.21 
2.91 

It  win  be  oheorved  that  the  greatest  development  of  heat  ac- 
companies the  initial  stages  of  imbibition  where  very  small 
amounts  of  water  are  taken  up.  This  is  what  we  might  expect 
when  we  remcmlwr  Ihat  it  is  the  lust  remaining  portion  of  water 
which  is  most  difficult  to  remove  from  a  gel,  and  that  it  is  only 
through  the  application  of  heat  that  its  complete  removal  can  be 
effpi'ied. 

Imbibition  in  Solutions.     When  a  gel  is  immersed  in  a  saline 
solution,  the  salt  distributes  itself  between  the  solvent  and  the 
gel.     The  rate  of  imbibition  is  found  to  vary  greatly  according 
to  the  salt  which  is  present  in  the  solution.    Thus,  the  velocity 
of  imbibition  has  been  foimd  to  l>e  accelerated  by  the  presence 
of  the  chlorides  of  ammonium,  sodium  and  pota-ssium  and  by 
the  nitrate  and  bromide  of  sodium;  on  ihn  other  hand,  the  pres- 
ence of  the  nitrate,  sulphate  and  tartrate  of  sodivmi  retard  im- 
l>ibition. 

The  effect  of  atnds  and  bases  on  imbibitioa  appears  to  be  similar 
to  the  influence  of  .salts. 

Adsorption.    The  change  in   concentration  which  occurs  at 
the  boundary  between  two  heterogeneous  phases  is  termed  adaorp- 

•  Wied.  Ann.,  as,  145(1885). 

t  Zeit.  phyB.  Chcm.,  24.  20C  (1897). 
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Uon.    At  the  surface  of  a  solid  surrounded  by  a  gas  or  vapor,  th»- 
phenomcnon  is  generally  known  as  gaseous  adsorption,  since  an^ 
difference  which  may  occur  in  the  concentration  of  the  solid  pha»^ 
is  mucli  too  small  to  be  detected.     \i  the  boundary  betwee*^ 
liquid  and  gaseous  phases,  the  concentration  of  each  phase  ua 
doubtcdly  undergoes  alteration.     In  the  case  of  the  boundar>' 
twcen  solid  and  liquid  phases,  the  only  apparent  inequality  icx 
concentration  occurs  on  the  liquid  side  of  the  boundary,  notwith- 
standing the  fact  that  the  adsori>wI  substance  is  quite  commonl>^ 
regarded  as  being  Iwuiid  t<t  the  surfaw  of  the  solid  phase.     Th^ 
cause  of  this  erroneous  conception  is,  that  the  extremely  thin  layer 
of  liquid  in  which  the  alteration  in  concentration  actually  occurs, 
is  the  layer  which  wets  the  surface  of  the  solid  and  hence  is  tho 
layer  which  adheres  to  the  solid  when  it  is  removed  from  tho 
liquid. 

The  retention  of  gases  by  charcoal  is  a  tj'pical  example  of  gaseous 
adsorption,  while  the  removal  of  coloring  matter  by  charcoal  in  tho 
purification  of  various  organic  8ul}stances  may  be  cited  as  an 
example  of  adsorption  of  a  li({iiid  by  a  solid. 

If  the  adsorbed  substance  increases  in  concentration  in  the 
vicinity  of  the  boundaryj  the  adsorption  is  said  to  be  positive;  if  it 
decreases,  the  adsorption  is  said  to  be  negative. 

Adsorption  of  Gases.  In  gnscs,  adisorption-equilibrium  is 
attained  with  remarkable  rapidity.  Thus,  if  a  gas  is  admitted 
into  a  vessel  containing  some  freshly  prepared  cocoanut  charcoal, 
the  pressure  will  fall  immediately  to  a  value  which  corresponds  to 
the  removal  of  the  entire  adsorixKi  volume  of  gas. 

The  concentration  of  adsorbed  gas  on  the  siu"faco  of  a  solid,  when 
equilibrium  is  attained,  has  been  shown  to  be  approximately 
1  X  10"'  gram  per  square  centimeter.  This  value  is  of  the  same 
order  of  magnitufie  as  the  strength  of  the  limiting  capillar>'  layer 
of  a  liquid  and,  therefore,  lends  support  to  the  suggestion  put  for- 
ward some  years  ago  by  Faraday  that  an  adsorbed  film  of  gas  may 
be  present  in  the  liquid  state. 

The  amount  of  gas  ad»orl>ctI  by  a  solid  increases  with  tlie  pres- 
sure and  diminishes  with  increasing  temperature.  The  following 
empirical  (((uatiun,  expressing  the  relation  between  the  amount  of 
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gas  adsorbed  by  a  solid  and  the  pressure,  has  been  proposed  by 
Freundlich  * 

X  \ 

—  =  ocp**, 
m 

where  x  is  the  total  mass  of  gas  adsorbed  on  a  surface  of  m  sq. 
cm.  under  a  pressure  p,  and  where  a  and  n  are  constants.  This 
equation,  known  as  the  adsorption  isotherm,  has  been  found  to  hold 
quite  generally. 

Adsorption  in  Solutions.  The  adsorption  phenomena  occur- 
ring at  the  surface  of  contact  of  a  solid  with  a  solution  are  similar 
to  the  phenomena  which  have  just  been  discussed.  Because  of  the 
frequency  of  its  occurrence  in  many  of  the  more  common  operations 
of  both  laboratory  and  factory,  the  subject  of  adsorption  in  solu- 
tions deserves  fuller  treatment. 

The  general  characteristics  of  adsorption  in  solutions  may  be 
briefly  summarized  as  follows:  — 

(1)  Adsorption  in  solutions  is  generally  positive,  i.e.,  on  shaking 
a  solution  with  a  finely-divided  adsorbent,  the  volume  concentra- 
tion of  the  solution  will  diminish. 

(2)  The  amount  of  positive  adsorption  may  be  sufficient  to  re- 
move almost  all  of- the  solute  from  a  solution,  especially  if  the  solu- 
tion is  dilute.  On  the  other  hand,  negative  adsorption  is  always 
very  small,  and  frequently  is  immeasurable. 

(3)  Adsorption  is  directly  proportional  to  the  so-called  "specific 
surface,"  the  latter  term  being  defined  as  the  ratio  of  the  total  sur- 
face of  the  adsorbent  to  its  volume. 

(4)  On  shaking  a  definite  weight  of  an  adsorbent  with  a  given 
volume  of  solution  of  known  concentration,  a  definite  equilibrium 
will  be  established.  If  the  solution  is  then  diluted  with  a  known 
amoimt  of  solvent,  the  adsorption  will  decrease  until  it  acquires  the 
same  value  which  it  would  have  attained,  had  the  same  weight  of 
adsorbent  been  introduced  directly  into  the  more  dilute  solution. 
For  ^cample,  if  1  gram  of  charcoal  is  agitated  with  100  cc.  of  a 
0.0688  molar  solution  of  acetic  acid  for  20  hours,  adsorption  is 
found  to  reduce  the  original  concentration  of  the  acid  to  0.0678 
molar. 

*  Zeit.  phys.  Chem.,  57, 385  (1906). 
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In  a  second  experiment,  if  I  gnim  of  charcoal  is  shaken  for  the 

same  period  of  time  with  50  cc.  of  2  X  O.Of^SS  =  0.1375  molnr 

LAoetio  aoiil,  and  then,  iifw-s  lulding  5()  cc  of  water,  the  shaking  i* 

roontiniied  for  an  adtlitionul  peruxl  of  3  liotin*,  the  final  concentration 

of  thti  acid  will  be  found  to  be  the  same  as  in  the  hrst  experiinent. 

(5)  It  is  impossible  to  delennine  tho  specific  surface  of  an  ad- 
sorbent dirtvtly  owing  to  its  [yonKniy.  However,  according  to  f3) 
adsor|>tion  is  directly  proportional  to  the  specific  surface  and  ihere- 
fun'  tht*  weights  of  diffcrtMit  ail8orl>enLs  which  produce  the  same 
amount  of  adsorption  may  be  assuiucd  to  possess  equal  specific 
•urfm^ifl. 

(6)  Adsorption  in  solution  Ls  largely  dependent  upon  the  Hurfaofr 
sion  of  the  solvent.     In  solutions  of  the  same  substance  in 

difforont  solvents,  the  greatest  adsorption  occurs  in  that  ^luUoo 
wluwct  solvonl  posseesee  the  highest  surface  tension. 

{J)  'ITie  order  of  efficiency  of  a^isorpiion  is  not  only  independent 
of  tho  oaturu  of  the  solvent  but  also  of  the  nature  of  the  adsorbed 
iubtUDcxv 

TlM  Adsorption  Isotherm.  The  empirical  equation  of  Freund- 
Uoh  Uv  gaseous  adsorption  has  been  found  to  apply  equally  well  to 
,  Bdvorption  equilibria  in  solutions.  The  equation  may  be  written 
AS  follown: 


whoro  J  is  the  weight  of  sulwtanco  adsorbed  by  a  weight  m  of  ad- 
iHirltotil  fn»m  a  solution  whose  volume-concentration  at  equilibrium 
U  r.  and  wlienr,  n&  before,  a  and  n  are  coustarita.  The  consUint  n 
vwim  in  dilTeront  cases  from  «  «»  2  to  n  «»  10;  within  thwe  limita 
Hm'  vidue  4if  n  is  independent  of  the  tctn|>cnituro  and  also  of  the 
lutturtv  ti(  the  lulsorbed  substances  and  the  a<Isorbent.  Although 
Ihi*  vbIuh  of  I  ho  ci>nstant  a  vari<^  over  a  wide  rarigir,  the  nitio  of  its 
VhIikv  for  two  adsorbonta  m  difTemnt  solutions  is  practically  cud- 

Th»'  following  table  contains  the  data  given  by  FrauudUch  •  oa 


ihe  atUiniti^i)  of  acetic  acid  by  charcoal. 

*  KApilkrcbemic,  p.  U7. 
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ADSORPTION  OF  AQUEOUS  ACETIC  ACID  BY  CHARCOAL. 
(  -  26°;       a  =  2.606;       1/n  -  0.425. 


Concentratioii 
(mola  per  liter). 

zim  (oba.). 

z/m  (oalc). 

0.0181 

0.467 

0.474 

0.0309 

0  624 

0.696 

0.0616 

0.801 

0.798 

0.1259 

1.11 

1.08 

0.2677 

1.55 

1.49 

0.4711 

2.04 

1.89 

0.8817 

2.48 

2.47 

2.785 

3.76 

4.01 

The  validity  of  the  adsorption  isotherm  is  beet  tested  graphically, 
by  plotting  the  logarithms  of  the  experimentally  determined  values 
^zlm  against  the  logarithms  of  the  corresponding  concentrations. 
If  the  equation  holds,  a  straight  line  should  be  obtained.  The 
curves  shown  in  Fig.  69  represent  xfm  as  a  function  of  c,  and 
logx/m  as  a  function  of  log  c:  it  will  be  observed  that  the  loga- 
rithmic plot  is  practically  rectilinear. 


logC 


Surface  Energy  of  Colloids.  In  almost  all  colloidal  solutions 
there  exists  a  difference  of  potential  between  the  particles  of  the  col- 
loid and  the  surrounding  medium.    The  importance  of  this  factor 
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in  interpreting  the  behavior  of  colloids  has  already  l)een  ernpl 
sized.  Another  factor  of  equul  iinportance  in  connection  wA 
colloidal  phenomena,  is  that  which  dcfxinds  upon  Ibe  enormous 
surface  of  contact  between  the  ('olloid  and  the  surroinidinj?  medium. 
Thcru  iu  un  abundance;  of  tfvidencc  showing  ihiit.  a  colluiiLii  solution 
is  non-boinogencoud.  or  in  oUicr  words,  timt  it  is  OHsentially  a  su** 
pension  of  Bnely-ilivided  piirticloH  in  a  fluid  mcdiurn.  An  iminetuK 
incroaite  in  suiwrGciaJ  area  results  from  the  division  and  sub- 
division of  matter.  To  bring  about  this  comminution  requires  a 
large  expenditure  of  energy.  In  a  colloidal  solution  this  energy  it 
stored  up  in  the  colloidal  particles  in  the  fonu  of  surface  enerQT, 
which  may  be  defined  as  the  product  of  surface  area  and  surfaeo 
tension. 

For  example,  suppoae  1  cc.  of  a  substance  to  be  reduced  to 
cubical  particles  measuring  0.1  ^  on  each  edge,  and  let  the  particla 
lie  susfwnded  in  water  at  17' C  Ti)e  total  energy  involved  c»P 
bo  calculattxl  as  follows:  —  The  volume  of  a  single  particle  ia 
O.i  ix*  ot[1  X  10"'*  cc.;  hence  tiic  total  niunber  of  particles  ifl 
1  X  10».  The  surface  of  a  sin^lo  part-icle  ia  6  X  (0.1 /t)',  or 
6  X  10-"  sq.  cm.,  and  the  total  surface  is  6  X  10*  sq.  era.  Tbfl 
surface  tension  of  wat«r  at  17**  C.  is  71  dynes;  hence  the  total 
surface  encrRy  is  71  X  6  X  10*  =  4.32  X  10'  ergs.  This  enormota 
figure  showH  tliat  whore  the  surface  of  tiic  disperse  phase  is  highljf 
developed,  as  it  is  in  colloidal  solutions,  the  surface  energy  becomoi 
a  very  important  factor  in  determinin>i  the  liehavior  of  the  syslcni 
This  is  especially  the  case  when  llu!  tlegreo  of  aggregation  of  tht 
colloidal  particles  is  changiKl,  since  a  relatively  small  change  in  tht 
amount  of  aggregation  may  involve  a  R^^at  change  in  the  surface 
exposed  and  a  corresponding  change  in  tlie  surface  energy.  .\  very 
close  connection  exists}  between  the  electrical  and  surface  factors 
a  colloidal  solution. 

Surface  Concentration.     It  has  been  pointed  out  in  an  earliei 
chapter  (p.  1*M)  tliat  as  the  result  of  unbalanced  molecul&r  attrae- 
tion,  the  surface  of  a  litjuid  behaves  liki;  a  tightly  ^itn-f 
brane.     In  consequence  uf  this  contractile  fort*,  orauri 
the  pressure  at  the  surface  of  a  liquid  is  greater  than  th* 
within  the  Uquid. 


experiments  of  Soret  (p.  20S)  and  the  theoretical  (iwluctions 
if  Taa't  HofT  liave  »h<;iwn  that  when  a  dilute  Holution  is  unotiually 
tested,  the  solute  diatribut<«  itHoIf  in  a(M:onlanc;u  with  the  ga»  laws, 
he  solution  Ixx'oming  more  conecntratod  in  the  oootcr  portion, 
as  the  homogeneity  of  a  dilute  solution  has  l>een  shown  to 
disturbed  by  inequality  of  tem|>erature,  80  also  inequality  of 
may  Ix;  assununl  to  cause  lUfTerencea  in  concentration  in 
solution.  Although  direct  experimental  verification  is  difficult, 
is  abundant  evidence  for  the  view  that  the  concentration  at 
surface  of  solution  differH  from  the  vol ume-t;oncen Nation  of 
solution  in  consequence  of  the  greater  pre&sure  in  the  surface 
if. 
The  maLheinatical  reUition  I)etween  siuface  concentration  and 
tarfane  tension  was  iirst  deduceil  by  J.  Wilhird  Gibbs  *  in  1876. 
(The  following  simplified  derivation  of  this  important  ecjuation  is 
jdue  to  Ostwald.  Let  -s  l>e  the  surffu-e  of  a  solution  whose  surface 
[traision  is  7,  and  let  it  be  assumed  that  the  surface  contains  1  mul 
of  the  solute.  If  a  verj^  small  port.ion  of  the  solute  enters  the  sur- 
ilice  layer  from  the  solution,  Micrel)y  e;ausing  a  diriiinution  ^7  in 
(the  surface  tension,  the  correspijnding  change  in  energy  will  bo 
b^.  But  this  gain  in  energy  nnust  be  equivalent  to  the  osmotic 
work  involved  in  effecting  the  removal  of  the  Siiine  weight  of  solute 
from  the  solution.  Let  i?  Ixi  the  volume  of  solnti(»n  containing 
lunit  wei^t  of  solute,  and  let  dp  }>e  the  difference  in  the  onmotic 
fiprcsBures  of  the  solution  before  and  after  iUs  removal:  the  osmotic 
•work  will  be  —  D  dp.  Since  the  gain  in  surface  energy  and  the 
oeaanotic  work  are  equal,  we  have 

sdy  =  —vdp. 


The  solutions  being  dilute,  we  may  assume  that  the  gas  laws  hold, 
and  since  v  =  RT/p,  we  may  write 


dy 

"Sp 


8p  ' 


•  Trans.  Conn.  Acad.,  Vol.  Ill,  439  C1876). 
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SiiuiR  pressure  Is  dirwfly  protxirtinnal  to  concentration,  the  pre- 
eeiliiig  equutioi)  iwrnm*^ 

dy  ^  _RT 
dc  sc 

But  8  has  already  been  defined  as  the  surface  which  contains  I  inol 
of  solute  in  excess,  from  which  it  follows  that  the  excess  of  solute 
in  unit  surface  is  1/s,     Writing  it  —  l/a,  we  have 

c    dy 
RfW 
which  is  the  equation  of  Gibbs. 

From  this  equation  it  is  evident  that  if  the  surface  tension,  y, 
increases  with  the  concentration,  then  u  is  negative  and  the  surface 
concentration  is  less  than  the  concentration  of  the  bulk  of  the 
solution.  This  is  clearly  negative  adsorption.  On  th3  other 
hand,  if  y  decreases  as  the  concentration  increases,  u  is  positive  and 
the  surface  concentration  is  greater  than  the  concentration  of  the 
bulk  of  the  solution,  or  the  adsorption  is  positive.  Finally,  if  the 
surface  tension  is  independent  of  the  concentration,  then  the  con- 
centration of  the  solute  in  both  the  surface  layer  and  the  bulk  o^ 
the  solution  will  !je  the  wanie. 

Preparation  of  Colloidal  Solutions.     Since  1861,  when  Grah&a^ 
published  his  first  paper  on  colloids,  numerous  investigators  ha'^i^ 
deWscd  methods  for  the  preparation  of  colloidal  solutions.     Witl»  »0 
recent  years  our  knowledge  of  this  class  of  solutions  lias  Ije*^ 
greatly    incrcaaod,    many   crj-stalloidal    substances    having    be*:3id 
obtained  in  the  colloidal  condition.     As  a  residt  of  these  inves'fcfc 
gations,  we  no  longer  speak  of  cr>-8talloidal  and  colloidal  matt^^i 
but  use  the  tenns  crystalloid  and  colloid  to  distinguish  two  d  »'" 
ferent  states.     In  fact  it  is  now  recognized  that  it  is  simply 
matter  of  overcoming  certain  exi>erimental  difficulties,  before     '' 
will  be  possible  to  obtain  all  forms  of  matter  in  the  colloid-*' 
state.    The  scope  of  this  book  forbids  a  detailed  account  of  the 
various  methods  which  have  been  devised  for  the  preparation  of 
coUoidal  solutions.*    We  must  content  ourselves  with  a  genera/ 
classification  of  these  methods  into  two  groups  as  follows:^ 

*  Sec  "Dii-  Methrxlen  zur  Herxt^'Dung  KoUoider  LOaungen  anorganiacber 
Stoffe,"  by  Theodore  Svedberg,  Dresden,  1909. 
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(1)  Crystallization  Methods,  and  (2)  Solution  Methods.  These 
two  divisions  are  sufficiently  comprehensive  to  include  all  of  the 
known  methods  for  the  preparation  of  colloidal  solutions,  with  the 
possible  exception  of  the  electrical  methods  which  may  be  con- 
sidered as  forming  a  separate  group. 

Ciystallization  Methods.  The  crystalUzation  methods  include 
the  following  subdivisions:  — 

(1)  Methods  involving  cooling  of  a  liquid  or  scltUion. 
Example:  —  On  cooling  an  alcoholic  solution  of  sulphur  in  liquid 

air,  a  transparent,  highly  dispersed,  solid  sol  is  obtained. 

(2)  Methods  involving  change  of  medium. 

Example:  —  On  gradually  adding  a  solution  of  mastic  in  alcohol 
to  a  large  volume  of  water,  the  mastic  is  precipitated  in  a  finely 
^vided  condition  and  a  colloidal  mastic  hydrosol  results. 

(3)  Reduction  methods. 

Example:  —  On  adding  a  cold,  dilute  solution  of  hydrazine 
hydrate  to  a  dilute,  neutral  solution  of  auric  chloride,  a  dark  blue 
gold  sol  is  obtained. 

In  addition  to  hydrazine,  numerous  other  reducing  agents  may 
be  employed,  such  as  phosphorus,  carbon  monoxide,  hydrogen, 
acetylene,  formaldehyde,  acrolein,  various  carbohydrates,  hy- 
droxylamine,  phenylhydrazine,  and  metallic  ions. 

(4)  Oxidation  methods. 

Example:  —  On  oxidizing  a  solution  of  hydrogen  sulphide  by  air 
or  sulphur  dioxide,  a  colloidal  solution  of  sulphur  is  obtained. 

(5)  Hydrolysis  methods. 

Example:  —  When  a  solution  of  ferric  chloride  is  slowly  added  to 
alai^  vohuiie  of  boiling  water,  the  salt  undergoes  hydrolysis,  and 
on  cooling  the  dilute  solution,  a  reddish-brown  ferric  hydroxide 
sol  is  obtained. 

(6)  Methods  involving  mMathesis. 

Example:  —  A  colloidal  solution  of  silver  may  be  prepared  by 
*ddii^  a  few  drops  of  a  dilute  solution  of  sodium  chloride  to  a  dilute 
solution  of  silver  nitrate,  provided  the  resulting  solution  of  sodium 
oitrate  is  below  the  precipitating  concentration. 
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Solution  Methods.  Under  this  heading  are  to  be  grou 
so-called  *'  peptization  "  methods.  The  term,  peptization,  was 
duced  by  Graham  to  express  the  trausfortnation  of  a  gel  into 
To-day  we  understand  a  [peptizer  to  be  a  substance  w1 
sufficiently  concentrate<l,  is  capable  of  effecting  the  solution 
solid  which  is  insoluble  in  it£  dispersion  medium.  A  ty] 
example  of  peptization  is  afforded  by  silver  chloride  which  fon 
sol  on  prolonged  digestion  with  a  solution  which  contains  d 
Ag'  or  CV.  It  is  apparent  that  the  rate  of  peptization  can  btr 
trolled  by  dilution  of  the  peptizer,  and  that  when  the  sol  staj 
attained,  the  peptizer  may  be  readily  removed  by  diaJ>-sis. 

Numerous  rciictinns  arc  knowti  in  which  the  conversion  o 
insoluble  precipitate  into  a  sol  can  only  be  effected  through 
removal  of  the  excess  of  electrolyte  by  prolonged  washing  or  < 
ysis.  .\  familiar  example  of  this  type  of  peptization  is  furnij 
by  the  tendency  of  many  precipitates  to  run  through  the 
after  too  prolonged  washing  with  water. 

Electrical  MatkiHh:  These  methods  of  preparing  colloidal 
tions  depend  upon  the  dispersive  action  of  a  powerful  ell 
discharge  upon  compact  metals.  In  1897  Bredig  *  discol 
while  studying  the  action  of  the  electric  current  on  difl 
liquids,  that  if  an  arc  be  established  between  two  metallic 
immersed  in  a  liquid,  minutt^  particles  of  [iietal  are  torn  off 
the  negative  terminal  and  remain  suspended  in  the  Hquid  ii 
uitely.  In  order  io  prepare  a  colloidal  solution  by  the  meth 
electrical  dispersion,  liretlig  recommends  tliat  a  direct  cU 
arc  l>e  established  between  wires  of  the  tnctjil  of  which  a  col 
solution  is  desired,  the  ends  of  the  wires  Ijcing  submerged  in  ' 
in  a  wcll-cooled  vessel,  as  shown  in  Fig.  70.  The  current  emp 
ranges  in  strength  from  5  to  10  amperes,  and  the  voltage  lie 
twocai  30  and  110  volts.  A  rheostat  and  an  ammeter  are  mc 
in  the  circuit. 

The  wires  are  brought  in  contact  for  an  instant  in  ord 
establish  the  arc,  after  which  they  are  separated  about  2 
During  the  gentle  hissing  of  the  arc,  clouds  of  colloidal  mota 
projected  out  into  the  water  from  the  negative  wire,  a  porti* 

*  Zeil.  Elektrochem.,  4i  514  (1897);  Zcit.  pbys.  Cbem.,  32»  258  (188 
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the  metal  torn  off  being  distributed  through  the  water  as  a  coarse 
flespeosioQ.  The  size  of  the  ptirticles  disrupted  from  the  u^E;ativQ 
terminal  is  dependent  upon  the  strength  of  the  current,  a  current 


JUaualtr 


Fig.  7U. 

f^  10  ampeux»i  producing  u  greater  proportion  of  colloidal  metal 

Au  a  current  of  5  amperes.    The  addition  of  a  trace  of  potassium 

fcj*(lmxide  to  the  water  han  been  shown  ki  faeilitate  t.}ie  process  of 

tlaperaion.     \\Tien  gold  wirt*s  are  risetl,  deep  rod  colloidal  solu- 

llQOB&re  obtained,  which  after  Htanding  for  several  weeks,  acquire 

»  bluish-violet  color.     With  extra  precautions,  the  red  colloidal 

KoU  flolutions  may  he  preserved  for  two  ^'ears.     These  solutions 

Oare  been  sliown  by  Bredig  to  contain  about  14  mg.  of  gold  per 

IW  cc.     In  tliis  manner  Uredig  prepared  colloidal  solutions  of 

platinum,  palladium,  iridium,  imd  t^ilver.     The  method  of  Bredig 

**«  been  improved  and  extended  by  Svedberg. 

A  diagram  of  Svcdberg's  apparatus  is  shown  in  Fig.  71.  The 
•wondary  terminals  of  an  induction  coil,  capable  of  giving  a  spark 
*^gmg  from  12  to  15  cm.  in  length,  ore  connected  in  parallel  with 
electrodes  and  a  glass  plate-conden.ser  having  a  surface  of 
atcly  225  sq.  cm.  Minute  fragments  or  grains  of  the 
of  which  a  sol  is  desired  are  placed  on  the  bottom  of  the 
containing  the  dispersion  medium.  The  electrode-s,  which 
'^^  not  necessarily  be  of  the  same  metal,  are  immersed  as  shown 
*n  the  diagram,  and  during  the  process  of  electrical  dispersion,  the 
oontentfi  of  the  vessel  are  gently  stirred  with  one  or  the  other  of  the 
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electrodes.  With  this  apparatus  Svedberg  has  succeeded  in  pre- 
paring colloidal  solutions  of  tin,  gold,  silver,  copper,  lead,  zinc, 
cadmium,  carbon,  silicon,  selenium,  and  tellurium.     He  has  also 


Induction  Coll 


Fig.  71. 

obtained  all  of  the  alkali  metals  in  the  colloidal  state,  ethyl  ether 
being  used  as  the  dispersion  medium.  An  interesting  observation 
made  by  Svedberg  in  the  course  of  his  experiments  is  that  the  color 
of  a  metaJ  is  the  same  in  both  the  colloidal  and  gaseous  states. 


CHAPTER  Xm. 

MOLECULAR  REALITY. 

The  Brownian  Movement.    If  a  liquid  in  which  fine  particles 
of  mattper  are  suspended,  such  as  an  aqueous  suspension  of  gam- 
boge, be  examined  under  the  microscope,  the  suspended  particles 
will  be  seen  to  be  in  a  state  of  ceaseless,  erratic  motion.    This 
phenomenon  was  first  observed  in  1827  by  the  English  botanist, 
Robert  Brown,  while  examining  a  suspension  of  pollen  grains,  and 
has  been  called  the  Brownian  Movement  in  honor  of  its  discoverer. 
Ever  since  its  discovery,  the  Brownian  Movement  has  been  the 
subject  of  numerous  investigations.     It  was  not  until  1863,  how- 
ever, that  Wiener  suggested  that  the  cause  of  the  phenomenon  was 
the  actual  bombardment  of  the  suspended  particles  by  the  mole- 
cules of  the  suspending  mediimi.    Twenty-five  years  later  a  similar 
conclusion  was  reached  independently  by  Gouy,  who  showed  that 
neither  Ught  nor  convection   currents  within  the  Uquid  could 
possibly  give  rise  to  the  motion.     Furthermore,  Gouy  showed  the 
movement  to  be  independent  of  external  vibration  and  only  sUghtly 
inSuenced  by  the  nature  of  the  suspended  particles.    The  smaller 
the  particles  and  the  less  viscous  the  suspending  medium,  the  more 
npid  the  motion  was  found  to  be.     By  far  the  most  striking  feature 
of  the  phenomenon,  however,  is  the  fact  that  the  motion  is  cease- 
less. 

Perrin's  Experiments.  The  first  quantitative  investigation 
of  the  Brownian  Movement  was  undertaken  by  Perrin  in  1909. 
It  has  been  shown  (p.  100)  that  the  mean  kinetic  energy  Ek  of  one 
niol  of  a  perfect  gas  is  given  by  the  expression 

E,  =  ^pv.  (1) 

Since  pv  =  RT,  we  may  write 

£^*  =  5^'  (2) 
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where  N  denotes  the  Avogadro  Constant,  i.e.,  the  number  ( 
molecules  contained  in  one  luol  of  any  gas.  It  in  evident  that 
Ek  can  be  measured,  equation  (2)  alTordis  a  means  of  calculating.^ 
provided  we  are  warranted  In  applying  an  equation  which  hab  bee 
derived  for  the  gtueoui^  state  to  a  ssuspension  of  fine  particles  in 
liquid  medium.  It  has  already  been  shown  tliat  tlie  simple  ga 
laws  hold  for  dilute  solutiouB  and  therefore  we  may  assume  tiia' 
at  the  same  t<^mperature,  the  mean  kinetic  energy  of  the  dissolve 
molecules  is  equjil  to  thai  of  the  gaseous  molecules.  In  oth< 
words,  at  the  same  temperature,  the  mean  kinetic  energy  of  i 
the  molecules  of  all  fluids  is  ihe  same,  and  is  directly  proportioc 
to  the  absolute  temperature.  Since  the  gas  laws  apply  equa» 
well  to  dilute  solutions  containing  either  large  or  small  molccul' 
Perrin  held  that  there  was  no  a  priori  rciison  for  assuming  that  t 
grains  of  a  suspension  should  not  conform  to  the  same  Inws. 
this  assumption  be  correct,  the  grains  of  a  uniform  suspcnsi 
should,  so  distribute  themselves  under  the  influoncc  of  gravi 
that,  when  wjuilibrium  is  attained,  the  lower  kyers  will  have 
higher  concentration  than  the  upper  layers.  In  other  words,  t: 
distribution  shouUI  l>e  strictly  analogous  to  the  distribution  of  U 
air  over  the  surface  of  the  earth,  the  density  being  greatest  at 
surface  and  diminishing  as  the  altitude  increases. 

Let  us  imagine  a   suspension   to   be  confined  within  a 
vertical  cylinder  whose  croas-seetional  area  is  s  sq.  cm.      A 
simiing  that  the  suspension  has  come  to  cquiUbrium  under  tl 
influence  of  gravitation,  lot  n  be  the  numlx^r  of  grains  per  unit  ■ 
volume  at  a  heiglit  h  from  tlie  base  of  the  cylinder.    Since  d 
concentration  diminisliea  as  the  height  increases,  the  number 
grains  at  a  height  h  +  dh  will  be  n  —  dn.    The  osmotic  pressu 
of  the  grains  at  the  height  A  will  be  I  nEk,  where  Ek  is  the  mei 
kinetic  energy  of  each  grain.     In  hke  manner,  the  osmotic  pressu 
at  the  height  k  -\-  dh  will  be  I  {n  —  dn)  Ek>     The  difference 
osmotic  pressure  between  the  two  levels  is  —  |  dnEk  and  since  tl 
pressure  acts  over  a  surface  of  s  sq.  cm.,  the  dJiTerence  of  osmot 
forces  acting  over  the  cross-sectional  area  of   the  cylinder 
—  I  s  dnEk.    Since  the  sj-stcm  is  in  equiUbrium,  this  difference 
oemotic  forces  must  be  balanced  by  the  difference  in  the  attractk 
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of  graritatfon  at  the  I  wo  levels.  IjoI  <)>  be  the  volume  of  a  single 
grain,  0  its  density,  and  6  the  deasity  of  the  suspending  medium. 
The  resultant  downwani  pull  upon  a  single  grain  will  be  ^  (Z>  —  3}  p,  ■ 
where  g  is  the  areeleration  due  to  gravity.  The  volume  of  liquid 
betveen  the  two  levels  being  s  dh,  it  follows  that  the  total  down- 
lard  puJI  upon  all  the  grains  included  between  the  two  levels  must 
i»e  n^  (D  —  6)  g.  It  is  this  force  wlutrh  opposes  the  tendency 
of  the  grains  to  distribute  themselves  uniformly  throughout  the 
entire  volume  of  the  suspending  medium,  or,  in  other  words,  it  is  H 
the  force  which  acts  in  oj^Jiosition  to  the  osmotic  force  —  §  «  dnEk> 
\VbeD  equililmum  is  established,  these  two  forces  must  be  equal, 
aod  we  may  then  write  ■ 

-I  8  dnEk  =  ns  dh^  (/>  -  5)  g.  (3) 

If  rjcand  n  denote  the  numlwr  of  grains  per  unit  of  volume  at  each 
of  two  planes  h  miita  apart,  we  obtain,  on  integrating  equation  (3), 

1  Ek  log,  %/n  =  <i>iD-S)  gh.  (4) 

On  substituting  in  equation  (4)  the  value  of  Et  in  equation  (2), 
and  transforming  to  Briggsian  logarithms,  we  Imve 

2.303  RT/X  log  /lo/rt  =  ^irr^giD  -  $)  A,  (5) 

^  being  expressed  in  lenaa  of  the  mean  radius,  r,  of  a  single 
grain.  It  is  evident  that  if  we  can  measmxi  n,  «<>,  D,  and  r  in 
^uation  (5),  the  calculation  of  the  Avogadro  Constant,  N^  be- 
VSOcaeB  possible. 

The  determination  of  the  density  of  the  grains,  D,  was  carried 
«ut  in  two  different  ways  with  suspensions  of  gamboge  and  mastic 
>hich  had  been  rendered  uniform  by  a  process  of  ccntrifuging. 
li  the  first  method,  the  grains  were  drie<i  to  constant  weight 
•t  1 10°,  and  then  by  heating  to  a  higher  temperature,  a  viscous 
litjiiid  wa.s  obtiuned  which,  on  cooling,  formed  a  glassy  solid.  The 
density  of  this  solid  was  determined  by  suspending  it  in  a  solution 
of  potassium  bromide  of  known  density. 

In  the  second  method  for  the  determination  of  D,  Perrin  measured 
^e  masses  mi  and  m,  of  efpial  volumes  of  water  and  suspension 
Respectively.  On  evaporating  the  suspension  to  dryness,  the  moss 
in«  of  suspended  solid  contained  in  ms  grams  of  suspension  was 
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ohtainecJ.  If  the  density  of  water  is  d,  the  volume  of  the  sus- 
pended grains  will  be 

^  "  d  d      ' 

and  conscqupntly  tlir  density  of  the  grains  will  lie  mj/V.  The 
vjilucs  of  D  obliiini'<l  hy  theso.  two  methods  were  found  to  be  in 
excellent  iigrccment. 

A  microseopc  fumislicd  with  suitable  mirroinetcrs  was  cmploye«.l 
in  the  dctcrminiition  of  n  and  uo.  With  the  high  ma^niHcatiou 
employed,  the  depth  of  the  field  of  view  wiis  limited:  in  fact,  the 
measurements  were  carried  out  with  a  micnjscopic  slide  similar 
to  tliose  used  for  counting  the  eorpiwdeH  in  the  bloo<l.  By  focus- 
sing the  iiucroMcoi>e  at  different  deptlw,  the  average  number  of 
grains  in  the  field  of  \'iew  at  eaeh  level  (K)uld  be  counted.  Perrin 
was  able  to  photograph  the  larger  grains  at  different  levels,  whereas 
with  the  smaller  grains  it  was  necessary  to  reduce  the  field  so  that 
relatively  few  grains  were  visible.  The  average  number  of  grains 
counted  at  any  two  different  levels  would  of  course  give  the  de- 
sired ratio  Ho/n. 

The  oiJy  other  quantity  in  equation  (5)  to  be  measured  was  the 
average  ratlius  of  the  grains  r.  To  determine  this  quantity, 
Perrin  made  use  of  a  method  similar  to  that  used  by  Thomson  for 
coimting  the  number  of  electricatly  chargcij  particles  in  an  ionized 
gas,  Stokes  has  shown  that  the  force  required  to  impart  a  unifonn 
velocity  r,  to  a  particle  of  radius  r,  moving  through  a  liquid 
medimu  whose  viscosity  is  7,  is  given  by  the  fornmla,  6  mjn;.  If 
the  motion  be  due  to  gravity,  as  in  the  case  of  suspensions  of  fine 
particles,  obviously  the  foregoing  expression  must  be  equal  to  the 
right-hand  side  of  equation  (5),  or 

6  Tn^rw  =  J  irr"  (D  —  5)  g. 

From  this  equation  the  value  of  r  can  be  calculated.  The  rat© 
at  which  the  grains  settled  under  the  influence  of  gravity  was 
detcrmineil  by  placing  a  portion  of  the  uniform  suspension  in  a 
capillary  tulx^  and  olxserving  the  rate  at  which  the  suspension 
cleared,  care  being  taken  to  kee[)  the  temperature  constant.  This 
method  of  detcnuining  r  was  oi>en  to  the  objection  that  Stokes' 
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taw  might  not  tipply  to  particies  as  small  as  thoae  of  colloidal 
Ru^pcnsious. 

I  n  order  to  test  the  valkUty  of  Stokes'  law  under  these  conditioiw, 
the  following  niodifiralion  of  the  iiielhod  for  the  determination  of 
r  was  introduced.  It  Imd  Imhmi  oKwrvtMl  tluil.  when  a  siLspension  Ls 
rendereil  slightly  acid,  the  graius,  on  coming  in  contact  with  the 
iviillrt  of  the  containing  vepr*el,  atlhnred,  wliile  the  motion  of  the 
gnuiw  throughout  the  bulk  of  the  Uquid  remained  unaltered.  In 
(his  way  it  was  poaaiblc  to  gradually  remove  all  of  the  grains  from 
Ihe  suspension  and  count  them  and,  knowJJig  the  total  volume  of 
suspesfion  taken,  the  average  number  of  grains  per  cubic  centi- 
meter could  be  calculated.  If  the  total  mass  of  su^^pcnded  matter 
is  known,  it  is  an  easy  matter  to  calculate  the  volume  of  each  grain, 
and  from  this  to  compute  the  radius,  r.  The  value  of  r  determined 
in  this  way  was  found  to  agi'ee  with  that  calculated  by  the  first 
method,  thus  proving  the  validity  of  Stokes'  law  when  applied  to 
coUoidal  suspensions. 

Five  eerics  of  experiments  carried  out  by  Perrin  with  gamboge 
suspensions  in  which  several  thoasand  individual  grains  were 
counted,  gave  as  a  mean  value  of  N  in  equation  (5),  09  x  10^. 
Similar  experiments  with  mastic  suspensions  gave  iV  =  70.0  x  IfP. 
These  values,  it  will  be  seen,  are  in  close  agreement  with  the  value 
of  Avogadro's  Constant  given  on  page  41. 

The  Law  of  Molecular  Displacement.  The  actual  movements 
of  the  individual  graiius  of  a  susi>eiLsion  when  oljserved  under  the 
mierosco|>u  aie  seen  to  be  exceedingly  complex  and  erratic.  The 
horijsontal  projections  of  the  paths  of  three  different  grains  in  a 
i«u»i)ensiou  of  mastic  are  shown  in  Fig.  72,  the  dot^s  representing 
the  successive  pasilion»  occupied  by  the  |mrticles  after  intervals  of 
30  seconds.  The  straight  line  joining  the  initial  and  final  positions 
of  a  particle  i.s  called  the  horizonlal  (displacement  \,  of  the  particle. 

If  the  time  taken  by  the  particle  to  move  from  its  initial  to  its 
final  position  be  t,  Einstein  *  has  shown  that  the  mean  value  of  the 
K]uare  of  the  horizontal  displacement  of  a  spherical  particle  of 
radius  r  ought  to  be 
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vhovf  IB  the  Tisooadty  of  the  suspending  medium  and  where  the 
otber  symbols  have  their  usuul  Kigmficti.nce. 

This  equation  was  tested  by  Perrin,  using  suspensions  of  gam- 
boge and  mastic.  Some  of  the  results  obtained  are  given  in  the 
foflowing  t-able: 

VALUES  OF  N  CALCULATED  BY  EINSTEIN'S  EQUATION. 


Smpawinu. 


Gimboge  in  water 

Gsmboge    in    10%   solution   of 

riyct-rini;    . . . 

Hutic  in  wat«r 

Hutic  in  27 /c  solution  of  urea  . . 


r  in 
mleroii*.* 


0.367 

0.385 

O.S-2 

S.'iO 


mXtOU. 


246 

290 
(KiO 

750.000 


NaofdJ» 


1500 

100 

1000 
100 


ATxitr**. 


eg 

64 

78 

78 


*  Tba  Rucran  b  atM-millionib  of  a  taeur  or  an*  UD-thouMtiidUi  of  a  wnliuetw. 

It  will  be  Been  that  notwithstanding  the  large  variations  in  the 
ponular  masses  of  the  difTerent  HUi^pensions  recorded  in  the  table, 
Ihe  values  of  N,  calculated  by  meaiKs  of  Einatein's  equation,  are 
quite  concordant.  Perrin  gives  as  the  mean  value  of  all  of  his 
experiments,  A'  =  fJ8.5  x  1(F. 

Recent  Investigations  of  the  Brownian  Movement  Nord- 
lund  •  han  recently  repeated  Perrin's  experiments,  employing  a 
eoiloidul  solution  of  mercurj'  and  an  arrangement  of  apparatus 
wlwreby  the  movements  of  the  particles  could  be  recorded  photo- 
papliirally.  The  mean  value  of  N  derived  from  twelve  carefully 
Hecuted  exixrimcnte  was  59  X  10",  the  average  deviation  of  the 
ittults  of  the  individual  experiments  from  the  mean  being  approxi- 
nmtcly  10  per  cent. 

TljcBrownian  Movement  in  gases  has  been  studied  by  Millikan  f 
»nd  by  Fletcher  t  employing  a  minute  drop  of  oil  as  the  suspended 
Particle.  In  the  gaseous  state,  where  the  intennolcuular  distances 
^  greater  than  in  the  liquid  state,  not  only  are  the  collisions  less 
'fequcnt  but  the  mean  free  paths  are  apprceialjly  longer.  These 
isondittons  are  favorable  to  the  study  of  the  Brownian  Movement 
knd  offer  an  opportunity  for  the  determination  of  the  Avogadro 
instant  with  a  high  degree  of  accuracy.  As  the  mean  of  nearly 
lix  thoasand  measurements,  Fletcher  give-s  N  =  60.3  X  10*=,  this 
/■jilue  being  accurate  to  within  1.2  |jer  ocnK 

'  Zeit.  phys.  Cbem.,  87,  OO  (1914).  t  r*hy».  Rev.^  1,  220  (1913). 

f  ibid,  4,  463  (1914). 


CHAPTER  XIV. 
THERMOCHEMISTRY. 

General  Introduction.  A  chemioal  reaction  is  almost  iuvari- 
ably  a<comi):ini<'<l  by  ji  thcnniil  ehiinge.  In  the  majority  of 
cases  heat  is  evolved;  a  violent  reaction  developing  a  large  amount 
of  be^t,  while  a  feeble  reaction  dcvclot^fl  a  comparatively  small 
amoimt.  Such  reactions  an-  said  to  be  exothermic.  A  relatively 
email  nunilwr  of  eheini<!nl  reactiojLs  are  known  wliich  take  place 
with  an  abaoqition  of  heal.  These  are  termed  endothennic  reac- 
tiuns.  Instances  of  chemical  rttactluns  miaccompanied  by  any 
thermal  change  are  very  rare  and  are  ahnost  wlioUy  coniined  to 
the  reeiprocal  tni.nsfomuitions  of  optical  isomers.  These  (&ct», 
which  were  first  observed  by  Royle  and  Lavoisier,  I«l  to  the  view 
tlml  the  amount  of  heut  evolvt^i  in  u  chernicaJ  reaction  might  be 
taken  as  a  measure  of  the  chemical  affinity  of  the  reacting  sub- 
stances. However,  with  the  advance  of  our  theoretical  knowledge, 
it  is  now  known  tliat  this  is  nut  true,  although  a  paniilelism 
between  heat  evolution  and  chemical  affinity  frequently  exUts. 

ThermochemUiry  is  concerned  wiik  ike  thermal  changes  tchich 
accompany  cketnicai  readion^. 

Thermal  Units.  Heat  is  a  form  of  energy,  and  like  other 
forms  of  cnergj-  it  may  be  reRolve<l  into  two  factors;  an  intensity 
factor,  the  tcni|x^rature,  and  a  capacity  factor,  wliich  may  be 
measured  in  imy  one  of  several  mxits.  Among  these  units  those 
defined  below  are  the  most  frequently  employed. 

The  small  calorie  (cal.)  is  the  quantity  of  heat  required  to  raise 
the  temperature  of  1  gram  of  water  from  15*0.  to  16°  C.  The 
temperature  interval  is  sp^'cified  because  the  specific  beat  of  water 
varies  with  the  Icmperutun!.  The  large  or  kilogram  calorie  (Cal.) 
is  the  quantity  of  hc^it  retpiired  to  ridse  the  temperature  of  1000 
grams  of  water  from  15'*  C.  to  16°  C.    The  O&iwald  or  average 

2Sd 


THERMOCHEM ISTRY 


287 


calorie  (K),  is  the  quantity  of  heat  required  to  raise  the  temper- 
ature of  1  gram  of  water  from  thn  melting  point  of  ice  to  the 
hoUing  point  of  water  under  a  pressure  of  760  ram.  of  mercury. 
It  is  approximately  equal  to  100  cal.  or  to  0.1  Cal.  The  joule  (j), 
ft  unit  based  on  the  C.G.3.  system,  is  equal  to  10'  frg?5.  This 
being  inconveniently  small  is  generally  multipled  by  1000,  giving 
ihe  kHojoule  (J),  which  ]»■  therefore  equal  to  10"  ergs.  The  last 
two  unitft  are  open  to  the  objection  that  their  values  are  depend- 
ent upon  the  mechanical  equivalent  of  heat^  any  change  in  the 
accepted  value  of  which  would  involve  a  correction  of  the  unit  of 
beat.  Tlie  different  capacity  factors  of  heat  energ>'  are  related 
ss  follows:  — 
1  cal.  =  0.001  Cfll.  =  O.Ol  K  (approx.)  =  4.183  j  =  0.004183  J. 

Thennochemical  Equations.  In  order  to  represent  the  changes 
in  energ}'  which  accompany  chemical  reactions,  an  additional 
meaning  has  been  assigned  to  the  chemical  symbols.  As  ordina- 
rily used,  these  symbols  represent  only  the  molecular  or  formula 
v^g^ts  of  the  reacting  sulwtjinces.  In  a  thermochemical  or 
energy  equation  the  syuilHjls  represent  not  only  the  weight  in 
grani5  expressed  by  the  formula  weights  of  the  substances,  but 
hhan  the  amount  of  heat  eaerg>'^  contained  in  the  formula  weight 
in  one  state  as  compared  with  the  energy  contained  ui  a  standard 
state.     For  example,  the  cncrgj-  ot]uation, 

C  +  2  0  =  CQt  +  04,300  cal., 

indicates  that  the  onei^^  containiMl  in  12  grimis  of  carlxin  and 
32  grams  of  ox>'gen  exceeds  the  energy  contuiniHl  in  44  grams  of 
carbon  dioxide,  at  the  smue  temperature,  by  94,300  calories.  In 
writing  energ>'  equations  it  is  very  essential  that  we  have  some 
means  of  distinguishing  l>etween  the  diffcn^nt  states  of  aggrega- 
tion  of  the  reacting  substances,  since  the  energ>'  conttmt  of  a 
sutietance  is  not  the  same  in  the  gaseous,  liquid,  and  »olid  states. 
In  the  sj'stem  proposed  by  Ostwald,  ordinarj*  type  is  used  for 
liquids,  heaw  type  for  solids,  and  italics  for  gases.  Another  and 
m4jre  convenient  system  has  been  proposed,  in  which  solids  are 
designated  by  enclosii^  the  sjTiibol  or  fonnula  within  square 
brackets;  liquids  by  the  smiple,  unbracketed  symbol  or  founula; 
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and  gasPS  by  enctoRing  the  sjinbol  or  Formula  within  parenthosi 
The  above  equation  should,  tln^refore,  be  written  in  the  following 
manner:  — 

IC]  +  (2  0)-  (CO,)  4-  W,300  cal. 

Thermochemical  Measurements.     In  order  to  measure  the 

number  of  calories  evolved  or  al>- 
Borlwd  when  substances  react,  it  is 
necessary  that  the  rc-action  shoTild 
proceed  rapidly  to  completion.  This 
condition  is  fulfilled  by  two  classes 
of  processes.  In  the  first  class  we 
may  mention  the  processes  of  solu- 
tion, hydration,  and  neutralization; 
and  in  the  second  class,  the  process 
of  combustion. 

The  apparatus  used  for  measur- 
ing the  capacity  factor  of  heat  energy 
18  a  caloriTTtder.  This  instnmiient 
may  be  given  a  variety  of  forma, 
depending  upon  the  particular  use 
to  which  it  is  to  be  put.  A  simple 
fiinn  of  calorimeter  is  shown  in  Fig. 
73.  It  consists  of  two  concentric 
metal  cylinders,  A  and  B,  Insulated 
from  each  other  by  an  air  jacket, 
the  inner  vessel  being  supported 
on  vulcanite  points.  Through  a 
vutcanite  cover  passes  a  thin  walled 
t**st  tube,  in  which  the  reaction  is 
allowed  to  take  place.  An  accurate  thermometer  and  a  ring-stirrer 
also  piLss  through  the  cover  of  tlie  calorimeter.  In  order  to  deter- 
mine the  tbemial  capacity  of  the  calorimeter,  B  is  nearly  filled  with 
water,  and  a  known  mass  of  water,  na,  at  a  temperature  It  is  intro- 
duced intoC.  Let  the  initial  temperature  of  thewater  in  5  be  fa.  The 
water  in  B  is  stirred  until  the  contents  of  both  B  and  C  have  acquired 
the  same  temperature,  U.  When  thermal  equilibrium  has  been  estab- 
lished, it  is  evident  that  m  {h  —  U)  calories  are  required  to  raise 
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tfae  temperature  of  the  apparatus  and  the  water  in  B,  (/a  —  '3) 
degrees.  From  this  data  it  m  au  easy  matter  to  calculate  the 
number  of  calories  required  to  raise  the  temperature  of  the  appar- 
atus and  water  in  £  1  degree,  this  being  the  thermal  capacity  of 
the  apparatus.  The  calorimeter  may  now  be  used  to  determine 
the  heat  evolved  or  absorbed  in  a  reaction.  Suppose,  for  exam- 
ple, that  it  is  desired  to  uieasurt*  the  heat  of  neutralization  of  an 
acid  by  a  base.  Equivalent  quantities  of  both  acid  and  base  are 
dissolved  in  equal  volumes  of  water,  care  being  taken  to  make  the 
solutions  dilute.  A  definite  volume  of  one  solution  is  introduced 
into  C  and  an  equal  volume  of  the  other  solution  is  placed  in  a 
veaeel  from  which  it  can  be  quickly  and  completely  transferred  to 
C  When  both  solutions  have  acquired  the  same  temperature, 
the  thermometer  In  B  is  read  and  then  the  two  solutions  are 
mixed.  WTien  the  reaction  is  complete,  the  temperature  of  the 
water  in  B  is  again  noted.  If  the  thermal  capacity  of  the  calori- 
meter is  Q,  and  the  rise  in  temperature  produced  by  the  reaction 
18  $,  then  Qd  is  the  amount  of  heat  evolved  hy  the  reaction.  To 
this  quantity  of  heat  must  be  added  the  number  of  calories  re- 
quired to  raise  the  temperature  of  the  product^  of  the  reaction  $ 
degrees.  The  solutions  of  the  products  being  dilute,  their  specific 
heats  may  be  assumed  to  be  equal  to  unity.  From  the  total  quan- 
tity of  heat  so  obtained,  the  nmnber  of  calories  evolved  when  mo- 
lecular quantities  react  can  be  readily  calculated.  The  chief  source 
of  error  in  calorimetric  measuienjcnts  is  loss  by  radiation.  This 
may  be  reduced  to  a  minimum  [I)  by  making  the  thermal  capac- 
ity of  the  calorimeter  large,  and  (2)  by  so  arranging  matters  that 
the  initial  temperature  of  the  water  in  the  calorimeter  is  as  much 
below  the  temperature  of  the  room  as  the  final  temperature  is 
above  it. 

The  Combustion  Calorimeter.  The  combustion  of  many  sub- 
stances, such  as  organic  compounds,  proceeds  very  slowly  in  air 
under  orflinary  pressures.  Such  reactions  can  be  accelerated,  if 
they  are  caused  to  take  place  in  an  atmosphere  of  compressed 
ox>'gen.  For  this  purpose  the  combustion  calorimeter  was  de- 
vised by  Berthelot.*  In  this  apparatus  the  essential  feature  is 
•  Ann,  Cbini.  Phya.,  (5),  »3,  160  (1881);  (6),  10,  433  (1887). 
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Ihf  so-called  combudwn  bomb,  nhovnx  ui  Fig.  74.  Tbis  ronsLsu 
of  a  strong  steel  cylindLT  lined  with  platiDuni  or  gold,  and  fur- 
nLslied  with  a  heavy  threaded  cover.  The  »ul>»tance  to  be 
Ijumtti  is  placed  in  u  i>la,tiimtii  capsule  fastened  \u  the  support 
R,  and  n  short  piece  of  fine  iron  wire  of  knovm  mass  is  connected 
with  the  electric  terminals  Z,  Z,  the  middle  portion  of  thu  win* 
dipping  into  the  substance.  The  cover  is  then  screwed  dowa 
tight,  and  the  Iwrab  i«  liUcd  with  oxygen  under  a  pressure  of  from 
20  to  25  atmospheres.  The  bomb  ta  then 
submerged  in  the  calorimeter,  as  showi  in 
Fig.  75.  The  mass  of  water  in  the  calorim- 
eter being  known  and  its  temperature  having 
Ix^en  reaii,  an  electric  current  is  passed  thrmigb 
the  iron  wire  in  Uic  bomb  causing  it  to  bum 
i  '  A^'  ^  ^  "  '  thus  ignite  the  substance.  The  rise  m 
T  ''  liperuture  due   to   the  combustion  is  ol>- 

sei'ved,  and  the  quantity  of  heat  evolverj  li 
calculated.  Corrections  must  be  applieil  for 
loss  by  radiation,  for  the  heat  evolved  from 
the  combustion  of  the  iron,  and  for  the  beat 
evolve<l  from  tlie  oxidation  of  the  nitrogen  of 
the  residual  air  in  the  bomb. 

For  the  details  of  .the  method  of  determin'* 
ing  heats  of  combustion  the  student  must 
ty.ni.sult  u  lalforatorj'  manual. 
Law  of  Lavoisier  and  Laplace.  In  1780,  Lavoisier  and  Laplace,* 
iLs  a  re.sult  of  their  thermochemicid  inveKlig:itioris,  enuturiaiiHl  ihe 
following  law: —  The  quntUity  vf  heat  vhich  is  n-qnirvd  lo  (Ucotnposc 
a  chemical  compound  is  jfreascly  p.qual  to  thai  whieft  wttn  evulvtd  in 
the  Jtrmiation  of  the  compound  from  Us  rhrrnniLs,  Tliis  firt*t  law  of 
therm«'hemistr>'  will  l>e  s*H*n  to  l>e  a  din^ct  corollary  of  the  law 
of  the  const^r\'atiou  of  energy  which  was  first  clearly  stated  by 
Mayer  in  18-12. 

Law  of  Constant  Heat  Summation.  A  generalization  of  fimdA- 
mental  importance  to  the  science  of  Ihermochrmigtry  waa  discov* 
ered  in  ISiO  by  Hess.f     He  pointed  out  that  the  hcttt  evolved  in  a 

•  Ouvns  de  Lavoisier,  VoL  11,  p.  283. 
t  Pogg.  Am.,  50,  3S5  (1840). 
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ckemieat  process  is  the  same  whelker  it  takes  place  in  one  or  in  severalj 
Meps.    This  is  known  bs  the  law  of  constant  heai  summation.     Thfl 


Fig.  75. 


truth  of  the  law  may  be  illustrated  by  the  equality  of  the  heat  of 
fonnation  of  ammonium  chloride?  in  aqueous  solution,  when  pre- 
pared in  two  diffcruat  ways. 


J 


(NH,)  +  aq.  =  NHj,  aq.  +  8,400  ca!. 

(HCl)  +  aq.  -  HCI,  aq.  +17,300  cal. 

NH,,aq.  +  HCl,aq.  =  NHiCl.aq.  +12,300  cal. 


38,000  cal. 

It  will  be  obsen'eti  that  the  total  amount  of  heat  evolved  in 
the  formation  and  tMflution  of  ammonium  chloride  is  the  same 
within  the  limits  of  experimental  error,  whether  gaseous  ammonia 
and  hydrochloric  acid  are  allowwl  to  react  and  the  resuUing  prod- 
uct is  dissolved  in  water,  or  whether  the  gasea  are  each  dissolved 
separately  and  then  allowed  to  react.  It  should  be  noted  that 
when  a  substance  is  dissolved  in  so  much  water  that  the  addition 
of  more  water  or  tiie  removal  of  a  small  portion  of  water  produces 
no  thernial  effect,  it  is  cnistomary  to  denote  it  by  the  symbol  aq. 
(Latin  aqua  =  wat^;r).     Thus, 

NH4CI,  aq.  +  nHjO  =  NU^Cl.  aq., 
NH4CI,  aq.  -  nHjO  =  NH^Cl,  aq. 

By  means  of  the  law  of  constant  heat  summation  it  is  pos^ble  to 
find  indirectly  the  amount  of  heat  developed  or  absorbed  by  any 
reaction,  even  though  it  is  impossible  to  carr>'  it  out  experimen- 
tally. For  example,  it  is  impossible  to  measure  the  heat  evolved 
when  carbon  biu-ns  to  carbon  monoxide.  But  the  heat  evolved 
when  carbon  monoxide  burns  to  carbon  dioxide,  and  also  the  heat 
evolved  wbeja  carbon  bums  to  carbon  dioxide,  can  be  accurately 
determined.    The  energy  equations  are  as  follows:  — 

[C]  +  2(0)  =  (CO.)  +  94,300  cal.  (1) 

(CO)  +  (0)  =  (COs)  +  67,700  cal.  (2) 


^reating  these  equations  algebraically,  and  subtracting  equation 
2)  from  equation  (1),  we  have 

[C]  +  (0)  -  (CO)  +  26,600  cal., 

(a,  the  heat  of  combustion  of  carbon  to  carbon  monoxide  is  26,600 
calorics.     Again,  as  a  further  illustration  of  the  applicability  of 
ihe  law  of  Hess,  we  may  take  the  calculation  of  the  heat  of  forma- 
tion of  hydriodic  acid  from  its  clement^,  making  use  of  the  follow- 
ing energy  equations:  — 

2  KI,  aq.  H-  2  (CI)  =  2  KCl,  aq.  +  2  [I]  +  524  K 
2H1,  aq.  -|-2K0H,  aq.=  2  KI,  aq.  -|- 2  HjO -H  274  K 
2  HCl,  aq.  -I-  2  KOH.  aq.  =  2  KCl,  aq.  -I-  2  HjO  -h  274  K 
2  (HIJ  +  aq.  =  2  HI,  aq.  +  384  K, 
2  (HCl)  +  aq.  =  2  HCl,  aq.  +  346  K, 
2  (H)  +  2  (CI)  =  2  (HCl)  +  440K, 

•dding  equations  (1)  and  (2), 

2(C1)  +  2 HI,  aq.  +  2K0H,  aq.  =  2KC1,  aq.  +  2 [I]  +  2 H*0 

-h798K.  (7) 

Subtracting  equation  (3)  from  equation  (7), 

2  (CI)  +  2  HI,  aq.  -  2  HCl,  aq.  =  2  [I]  -f-  524  K, 
or 

2  (01)  +  2  HI,  aq.  =  2  PI  +  2  HCl,  aq.  +  524  K,  (8) 

adding  equations  (4)  and  (8), 

2  (HI)  +  aq.  +  2  (CI)  =  2  [I]  -1-  2  HCl,  aq.  +  908  K,       (0) 
subtracting  equation  (5)  from  equation  (?)), 

2  (HI)  +  2  (CI)  -  2  (HCl)  =  2  [I]  +  562  K, 
or 

2  (HI)  +  2  (CI)  =  2  IllH-  2  (HCl)  -f-  562  K,  (10) 

subtracting  equation  (6)  from  equation  (10), 

2  (HI) -2(H)  =  2  [in- 122  K,  "^ 
or 

2(H) +  2  a)  =2  (HI)-  122  K. 

In  a  similar  manner,  practically  any  heat  of  formation  may  be 
calculated,  provided  the  proper  energy  equations  are  combined. 


1 


(1) 
(2) 
(3) 
(4)   - 
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Heat  of  Fonnation.  The  intrinsic  energ>'  of  the  substances 
entering  into  chemical  reaction  is  uukDuwn,  the  amotint  of  heat 
evolved  or  absorljetl  in  the  process  l)eing  aimply  a  measure  of  the 
difference  l>etween  Uie  euergj-  of  the  reacting  substances  and  the 
energy  of  the  products  of  the  reaction.    Tims,  in  the  equation 

[C]  +  2  (O)  =  (COj)  +  lM,aOO  cid., 

the  difference  between  the  enei^  of  a  mixture  of  12  grams  of  ' 
carbon  and  32  grams  of  ox>gen,  and  the  energy  of  44  grams  of 
carbon  dioxide  is  seen  to  be  94,300  calories.  The  equation  is 
clearly  incomplete  since  we  have  no  means  of  determining  the 
intrinsic  energies  of  free  carbon  and  ox>'gen.  Furthermore,  since 
the  elements  are  not  mutually  convertible,  we  have  no  means  of 
determining  the  difference  in  energ>'  between  them.  U  is  cua- 
t:Omar>',  therefore,  in  view  of  this  hick  of  knowledge,  to  put  the 
intrinsic  energies  of  tlif  eleincritK  etjual  to  zero. 

If  the  heats  of  formation  of  the  sul>stances  present  in  a  reac- 
tion are  known,  it  is  much  simpler  to  substitute  these  in  the 
energ>*  equation  and  solve  for  the  unknowii  term.  This  method 
avoids  the  laborious  process  of  elimination  from  a  lai^c  number  of 
energy  ecjuations,  as  in  the  preceding  pages.  If  all  of  the  sul>- 
stanoes  involvwl  in  a  reaction  are  xonsiitered  as  decomposed  into 
their  elements,  it  is  evident  that  the  fmal  result  of  the  reaction 
will  be  the  difference  in  the  sums  of  the  heats  of  formation  on  the 
two  sides  of  the  e<p]ation.  This  leads  to  the  following  rule:  — 
To  find  the  quantity  of  heat  evolved  or  absorbed  in  a  chemical  reac- 
tion, subtract  the  sum  uf  the  keais  of  forrnatioTi  of  the  svhstanee* 
initially  prcsetit  front  the  sum  of  the  heaUt  of  fonnation  of  the  products 
of  the  reaction,  plturing  the  heat  of  fonnation  of  all  elemenis  equal  to 
zero. 

TJie  energj'  equation  for  the  fonnation  of  carbon  dioxide  from 
its  elements  may  then  be  written  as  follows:  — 

0  +  0  =  (COa)  -1-  94,300  cal., 
or 

(CO,)  =- 94,300  eal. 


;  from 


That  is,  the  energy  of  1  mol  of  carbon  dioxide  is  —94,300  calories. 
Therefore  in  nTiting  an  energy  equation  we  moke  use  of  the  folT. 
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lowing  rule:  —  Replace  the  formulas  of  each  compound  in  the  equo" 
twn  rrprenentirtg  the  reaction  bij  (he  neyatit'C  valuer  of  their  respective 
keaU  of  formation,  and  solve  for  the  unknown  term.  This  unknown 
term  may  Ix*  either  the  heat  of  a  reiLctiim  or  the  heat  of  fonnatiou 
of  ODe  of  the  reacting  Miihstaneets.  The  following  examples  will 
•erve  to  illiutrate  the  application  of  the  above  rules:  — 

(1)  Let  it  l*e  re<iuiretl  Ui  find  the  heat  of  the  following  reaction 

[MgCy  +  2  [Nal  =  2  [NaCI]  -(-  [Mg]  +  x, 

where  I  is  the  heat  of  the  reaction.  The  heat  of  formation  of 
MgCl,  is  151  Cal.,  and  that  of  NaCl  is  97.9  Cal.,  therefore, 

-  151  +  0  =  -  (2  X  97.9)  +  0  +  a;, 
or 

X  =  44.8  Cal. 

(2)  The  heat  of  combustion  of  1  mol  of  methane  is  213.8  Cal., 
And  the  heats  of  formation  of  the  products,  carbon  dioxide  and 
water,  are  94.3  Cal.  and  68.3  Cal.,  respectively.  Let  it  be  requinni 
to  finri  the  heat  of  formation  of  methane.  Representing  the  heat 
0^  foniuition  of  methane  by  x,  we  have 

(CH*)  +  2  (0..)  =  (COa)  +  2  (HaO)  +  213.8  Cal., 

-  X  +  0  -  -  94.3  -  2  X  69l3  +  213.8, 
or 

«  =  17.1  Cal. 

(3)  The  heat  of  combustion  of  1  mol  of  carbon  disulphide  is 
265.1  Cal.,  the  thermorheniical  eciuation  teing 

as,  +  3  (Oa)  =  (CO3)  +  2  (SOs)  +  2(J5.1  Cal. 

The  beats  of  formation  of  carbon  dioxide  and  sulphur  dioxide  are 
W.3  Cal.  and  71  Cal.  resptMitively.  The  heat  of  formation  of 
carbon  disulphide  x,  may  then  be  calculated  as  follows:  — 

-  I H-  0  =  -  94.3  -  2  X  71  +  2G5.1, 
'  or 

x=  -28.8  Cal. 

Carbon  disulphide  is  thus  seen  to  be  an  endothermic  compound. 
Heat  of  Solution.     The  thermal   change  accompanying  the 
solution  of  1  mol  of  a  sulratance  in  so  targe  a  volmue  of  solvent 
that  subsequent  dilution  of  the  solution  causes  no  further  thermal 
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change  is  termed  the  heat  of  aobdion.  The  solution  of  neutral 
ealte  is  generally  an  endothermic  process.  This  fact  may  be 
readily  accounted  for  on  the  hypothesis  that  considerable  heat 

HEATS  OF  FORMATION  AND  SOLUTION. 


Substanoe. 

UMtOf 

FonnstioB. 

Hmxot 

SolBtka. 

Hydrochloric  acid 

58.7 

68.4 

22.0 

193  1 

12.0 

41.9 

302.9 

103.2 

104.3 

95.1 

80.1 

119  5 

101.9 

97.6 

85.6 

328.8 

111.3 

272.6 

75.8 

88.0 

215.0 

170.0 

502.0 

82.0 

96,1 

97.0 

30.0 

293.2 

51.6 

182  6 

53  2 

28.7 

80.8 

127.3 

82.8 

105,5 

20.3 

Sulphuric  acid 

17.8 

AmmnnlA. 

8.4 

7.2 

Phosphoric  acid 

2.7 

Potassium  hydroxide 

13.3 

Potassium  chloride 

-3.1 

Potassium  bromide 

-5.1 

Potassium  iodide 

-5.1 

Potassium  nitrate 

-8.5 

Sodium  hydroxide 

10.9 

Sodium  chloride 

Sodium  bromide 

1.2 
-0.2 

Sodium  sulphate 

0.2 

Sodium  nitrate 

-5.0 

Sodium  carbonate 

5.6 

Ammonium  chloride 

-4  0 

Ammonium  nitrate 

-6.2 

Calcium  hydroxide 

3  0 

Calcium  chloride ; 

17.4 

Magnesium  sulphate 

20.3 

Ferrous  chlorit  e 

Ferric  chloride 

17.9 
63  3 

Zinc  chloride 

15.6 

Zinc  sulphate 

18  5 

Cadmium  chloride 

3  0 

Cupric  chloride 

11.1 

Cupric  sulphate 

15.8 

Mercuric  chloride 

-3.3 

Silver  nitrate 

-5.4 

Stannous  chloride 

0.3 

Stannic  chloride 

29.9 

-6.8 

Ijcad  nitrate 

-7.6 

must  be  absorbed  as  heat  of  fusion  and  heat  of  vaporization  before 
the  solid  salt  can  assume  a  condition  in  solution  which  closely 
resembles  that  of  a  gas.  The  heat  of  solution  of  hydrated  salts 
is  less  than  the  heat  of  solution  of  the  corresponding  anhydrous 
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exanipip,  the  heat  of  solution  ot  I  mol  ot  anhyi. 
'olduin  nitnito  is  4000  calories,  while  the  hrnt  of  solution  oi  1  inol 
of  the  tetiahydrate  is  —7600  calories.  The  difTerence  between 
the  be&te  of  solution  of  the  anhydrous  and  hydrated  salt.s  is  termed 
the  heai  of  hydration.  The  heats  of  fonnation  and  heats  of  solu- 
tion in  water  of  some  of  the  more  common  compounds  are  given 
in  tile  prifcdinp:  table,  the  vaUics  bcin^  i>x[>rossetl  in  larse  calories. 

Heat  of  Dilution.     The  hmt  of  dilution  of  a  solution  ih  the 
quantity  of  heat  per  mol  of  solut'C  which  is  evolved  or  absorbed  ■ 
when  the  solution  is  greatly  diluted.     Beyond  a  certain  dilution, 
further  addition  of  solvent  produces  no  thennid  change.     While 
there  is  a  definite  heat  of  solution  for  a  particular  solute  in  a  par-  ■ 
lieukr  solvent,  the  heat  of  dilution  rcmaiiiLS  indefinite,  since  the 
latter  is  dependent  upon  the  tlcgree  of  dilution.     Those  guses 
which  obey  Henry's  law  are  practically  the  only  substances  which   ■ 
have  00  appn*ciable  hcat«  of  sulutitm  or  dilution. 

The  following  tables  give  the  heats  of  dilution  of  bydrochlorio 
and  nitric  acids. 


HEAT  OF  DILUTION  OF  SOLUTIONS  OF  HYDROCHLORIC 

ACID. 

Heat  of  solution  =  20.3  cal. 


HCl+HjO 

6.37 
n  36 
16. 1<^ 
]7.1 
17.3 

HCl+2  HiO  

HCH-I0H»O 

HCt-J-50HiO 

BCI-t-300H,O... 

fiEAT  OF  DILCTION  OF  SOLUTIONS  OF  NITRIC  ACID. 
Heat  of  solution  <=  7.15  cal. 


HN0|+H,O 

3  84 
2  32 
I  42 
0  2 
-0  04 
-0  03 

HNOi+2  HjO 

HN0»+4  Hrf) 

HNOi+6  HiO 

HNO1+  8  H,0 

HNO.+IOOHiO 
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Reactions  at  Constant  Volume.  AVhen  a  chemical  reaction 
takes  place  without  any  change  in  volume,  or  when  the  external 
work  resulting  from  a  change  in  volume  is  not  included  in  the 
heat  of  the  reaction^  the  process  is  said  to  take  place  at  constant 
volume.  That  is  to  say,  the  con<lition  of  constant  volume  is  a 
condition  which  involves  no  external  work,  either  positive  or 
negative.  Under  these  conditions  the  total  energj*  of  the  react- 
ing substances  is  equal  to  the  total  rnergy  of  tho  products  of  the 
reaction,  plus  the  quantity  of  heat  devrloppd  hy  the  reaction. 

Reactions  at  Constant  Pressure.  When  a  chemical  reaction 
is  accompanied  liy  a  change  in  volume,  the  system  suffers  a  loss 
of  heat  equivalent  to  the  work  done  against  the  atmosphere,  if 
the  volume  increases;  or  the  system  gains  an  amount  of  heat 
equivalent  to  the  work  done  on  the  system  hy  the  atmosphere, 
if  the  volume  decreases.  Under  these  conditions  the  reaction  is 
said  to  take  place  at  constant  pressure.  The  difference  between 
constant  volume  and  constant  pressure  conditions,  then,  is  that 
under  the  former,  the  heat  equivalent  of  the  work  corresponding 
to  any  change  in  volume  which  may  occur  is  not  considered  as 
having  any  effect  upon  the  cnergj'  of  the  system;  whereas  under 
the  latter,  due  account  is  taken  of  the  change  in  energy  resulting 
from  change  in  voliune.  Suppose  that  in  a  reaction,  1  mol  of  gas 
is  formed.  Under  standard  conditions  of  temperature  and 
pressure  the  volume  of  the  system  will  Ixr  increased  by  22.4  liters. 
The  foniiation  of  gas  involves  the  performance  of  work  against 
the  atmosphere,  this  work  being  done  at  the  expense  of  the  heat 
energj*  of  the  s}'stem.  To  calculate  the  heat  equivalent  of  the 
work  done,  let  us  imagine  the  gas  enclosed  in  a  cylinder  fitted  witli 
a  piston  whose  area  is  I  square  centimeter.  The  normal  pressure 
of  the  atmosphere  on  the  piston  is  76  cm.  of  mercurj'  or  1033.3 
grams  per  square  centimeter.  If  the  increase  in  the  volume  of 
the  gas  is  22.4  liters,  the  piston  will  be  raised  through  22,400  em. 
and  the  work  done  will  be  10Q3.3  X  22,400  gram-cent uuetcrs. 
The  heat  equivalent  of  this  change  in  volume  will  be  (1033.3  X 
22,400)  -i-  42,600  =  542.3  calories  or  0..5423  large  calories.  This 
amount  of  heat  must  be  addetl  to  the  heat  of  the  reaction.  It 
should  be  observed  that  this  correction  is  inde|>eudent  of  the  actual 


valae  of  the  pressure  upon  Ihe  system.    Thus,  if  the  pressure  ia 

increased  n  times,  the  volume  of  the  gas  uill  be  reduced  to  1/n 

of  its  {ormcr  value,  and  the  work  dune  will  involve  moving  the 

pistoa   through   1/n  of  the  distjiner  jigainst  an  n-fold  pressure, 

which  ia  plainly  equivalent  to  the  former  amount  of  work.     While 

the  correction  is  independent  of  the  pressure  it  is  not  independent 

of  the  tcmi>erature.     The  f:miiliar  equation,  pv  =  RT,  shows  us 

that  the  work  done  by  a  gas  is  directly  proportional  to  its  absolute 

leiaperature.     Thus,  if  a  gas  is  evolved  at  273°  absolute,  it  will 

occupy  double  the  volume  it  would  occupy  af  if,  and  the  work 

done  at  273"  will  involve  moving  the  piston  through  twice  the 

distance  that  it  would  have  to  be  moved  at  0*.    Theoretically,  a 

gas  c\*oived  at  the  absolute  zero  would  occupy  no  volume  and 

hence  no  work  would  be  done.     Introducing  the  correction  for 

temperature,  we  see  that 

^  X  r  =  1.986  T  cal., 

must  be  added  to  the  heat  of  the  reaction,  where  T  is  the  absolute 
temperature  at  which  the  change  in  volume  occurs.  For  all 
ordinary  purposes  it  is  sufficiently  accurate  to  take  2  T  calorics 
a*  the  correction.  Thus,  suppose  n  mols  of  gas  to  be  fonnetl  in  a 
reaction  at  17"  C,  the  amount  of  heat  absorbed  will  be 

nX2(273  +  17)  =580ncjil. 

Tader  constant  pressure  conditions,  the  8>Tnbols,  in  addition  to 
lh«ir  usual  significanee,  represent  the  energy  plus  or  minus  the 
twn,  2  T  per  mol,  the  iKisitive  or  negative  sign  being  used 
wcording  as  the  gas  is  abs<»rbed  or  foniied.  Since  the  constant 
volume  condition  is  a  condition  in  which  no  account  is  taken  of  the 
^^tterna!  work,  even  if  a  change  in  volume  does  occur  during  the 
"^lion,  and  the  constant  pressure  condition  is  one  in  which 
^**p  pJrtemal  work  is  taken  into  considerati*>n,  it  is  apparent  that 
'"6  relation  of  the  heat  energj'  of  a  reaction  at  constant  volume, 
"•»  to  the  heat  enorgj'  at  constant  pressure  Qp,  can  be  represented 
"^  the  equation 

Q,  =*Q. -2nrcal., 
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where  n  denotes  the  niunber  of  tnolg  of  gas  formed  in  excess  of 
those  initially  present.  Tliis  c^juation  is  of  great  importance  in 
connection  with  tlie  determination  of  heats  of  txjmhustion  in  the 
bomb-calorimeter  in  which  the  reactions  necessarily  take  place 
under  constant  volume  conditions.  Since  it  is  customary  to  state 
heats  of  reaction  under  constant  pressure  conditions,  the  foregoing 
equation  makes  it  possible  to  convert  heats  of  combustion  deter- 
mined under  constant  volume  conditions  into  heats  of  combustion 
under  constant  pressure  conditions.  For  example,  the  combustioa 
of  naphthalene  takes  place  in  accordance  with  the  equation 
CwHs  -I-  12  (O3)  =  10  (CO3)  +  4  (H,0)  +  1242.95  Cal. 


LOU 
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It  18  apparent  that  the  combustion  is  accompanied  by  the  fonna^-^ 
tion  of  2  mola  of  ga^,  and  at  15**  C.  the  correction  will  be 

Qp  =  1242.95  -  2  X  0.002  (273  +  15), 


or 


I 


Q,  -  1241.8  Cal. 

The  volume  occupied  by  solids  or  liquids  is  so  small  as  to  k»e 
negligible  and  doiw  not  enter  into  these  calculations. 

Variation  of  Heat  of  Reaction  with  Temperature.  If  a  chem- 
ical ro!u;tiun  U*  allowed  to  take  pl:ice  first  at  tiie  temperature  /j, 
and  then  at  the  temperature  tt,  the  amounts  of  heat  developed  in 
tlie  two  cases  will  Im^  found  to  Ih*  quite  different.  Let  Qi  and  Qt 
represent  the  quantities  of  heat  evolved  at  the  temperatures  U 
and  <B,  respectively.  Let  us  im^pne  that  the  reaction  takes  pla^^c 
at  the  temperature  ii,  Qi  units  of  heat  being  evolved;  and  then 
let  the  pnxhut.s  of  tlie  reaction  \w  heated  U)  the  temperature  k- 
If  c'  represents  the  total  theniml  capacity  of  the  products  of  thf 
reaction,  then  iht".  quantity  of  heat  neces.sar>'  to  produce  this  ri^'^ 
in  temperature  will  be  c'  {tt  —  li).  Now  let  us  imagine  ^^'^ 
reacting  substances,  at  the  tcnqwrature  ti,  to  be  heated  to  ^^^ 
temperature  d,  and  then  allowed  to  react  with  the  evolution  o' 
^2  units  of  heat.  The  hcAt  necessary  to  produce  this  rise  id 
temperature  in  the  reacting  substances  is  c  (^  —  ti),  whpre  c 
is  the  total  thermal  capacity  of  the  oriKinat  substances.  Hsv'i'*? 
started  with  the  same  substances  at  the  same  initial  temperatun?, 
and  having  obtained  the  same  products  at  the  same  final  tenip^' 
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fclure,  we  have,  accorditig   to   the  law  of  the  conservatioa 
Qi-c'{tt-it)  ^Qz-c{tt-ldr 


-0 


k-t 


'=c-<^. 


or,  where  the  change  in  temperature  is  very  small, 

W  c*  is  greater  than  c  then  the  sign  of  dQ/dt  will  be  negative,  or,  in 
other  words,  an  increase  in  temperature  will  cause  a  decrease  in 
^he  heat  of  reaction.  On  the  other  hand,  if  c  is  greater  than  c', 
^/d^  will  be  positive  and  the  heat  of  reaction  will  increase  with 
^e  temperature. 

Example.    The  reaction   between  hydrogen  and  ojQfgen   at 
^S°  C.  is  represented  by  the  following  equation:  — 

2  (Hj)  +  (0,)  =  2  (HjO)  +  1367.1  K. 

^Vippose  it  is  required  to  find  how  much  heat  will  be  evolved  when 
^^rjual  masses  of  the  two  gases  react  at  110"  C,  the  product  of  the 
•■Reaction  being  maintained  at  this  tcnijxTaturc,  and  the  pressure 
•^raaining  constant.  The  specific  hfut-s  p«_'r  gram  of  the  different 
^Vihstances  involved  are  as  follows:  — 

Hydrogen  =  3.409;  Oxygen  =  0.2175;  Water  (between  18" 
imd.  100°)  =  1;  Water  (Iw-twet^u  100''  and  110°)  -=0.5. 
TTic  heat  of  vaporization  of  water  is  537  calorics  jier  gram. 

For  liquid  water  per  degree  w<!  have, 

dQfdl  =  (4  X  3.409  +  32  X  0.2175)  -  (36  X  1)  =  -  16.404  cal. 

^nd  for  {XWf-  18°)  =82°,  we  have,  82X  (-15.404)  =  -1263  cal. 
*The  heat  of  formation  of  liquid  water  at  100°  is,  therefore, 
1367.1  -  12.63  =  13M.47K. 

"When  the  liquid  water  is  vaporized  at  100*,  (36  X  537)  calories  of 
this  heat  is  absorbed,  or  the  fonuatton  of  st<;ain  at  100°  from 
hydrogen  and  oxjgen,  evolves 

1354.47  -  193.32  =  1161.15  K. 
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For  steam  per  degree,  we  have, 

dQfdl  =  (4  X  3.409  -f  32  X  0.2175)  -  (36  X  0.5)  =  2.596  caL, 
and  for  the  interval  (llO^*  -  100°)  =  10**, 

10  X  2.596  =  25.96  cal. 
Or  for  the  total  heat  evolved,  we  have 

1161.15  +  0.2596  -  1161.41  K. 

Heat  of  Combustioa.  The  heat  evolved  during  the  complete 
oxidation  of  unit  mass  of  a  substance  is  termed  its  hM  oj 
combustion.  The  unit  of  mass  commonly  chosen  in  all  phyaco- 
chemical  calculations  is  the  mol.  An  enormous  amount  d 
experimental  work  has  been  done  by  Thomsen,*  Berthelot,t  and 
Lai^bein  %  on  the  determination  of  the  heats  of  combustion  of  a 
large  number  of  organic  compounds.  A  few  of  their  results  are 
given  in  the  accompanying  tables. 


SATURATED  HYDROCARBONS. 


H  y  drocuirbon. 


Methane,  CH*. 
Ethane,  CiH... 
Prc^ane,  CiHa. 
Butane,  CJlio. 
Pentane,  CJIii 


Heat  of 
CombuBtioa. 


CbI. 

211.9 
370.4 
529.2 
687.2 
847.1 


Diffi 


1585 
158.8 
1560 
159.9 


UNSATURATED  HYDROCARBONS. 


Hydrocarbon. 


Heat  of 
Combustioa. 


Ethylene,  CH,.  .  . 
Proi)yleiie,  CjlU. . 
IsoDutylcne,  C^II* 
Amylcne,  CtHio.  . . 

Acetylene,  CiH). . 
Allylene.  CH*..., 


Cul. 
333  4 

492.7 
650.6 
K07  6 

310.1 
467.6 


Difr< 


Ckl. 

159  3 
157.9 
157.0 


157.5 


*  Thermochemische  UntereuchunRcn,  4  Vols. 

t  Essai  de  Mecanique  Cliiuiique,  Thermochimic,  Donees  et  Lois  Numen> 
quee. 

t  Jour,  prakt.  Chem.,  1885  to  1895. 


158  3 
158.1 
159.0 


It  will  be  obser\'C(l  that  a  verj'  nearly  constant  difrercnoo  in 
tilt  heat  of  combustion  corresponds  to  a  constant  difference  of  a 
^Ht  RToup  in  composition.  A  number  of  iiiterestijig  relations 
lietwccn  heats  of  combustion  of  compounds  and  tUoir  differences 
in  composition  have  been  discovered,  but  these  caimot  }yc  taken  up 
time.  It  has  also  biH'n  p<)int<Ml  out  that  the  hcut  of  com- 
i<m  of  org:uue  compounds  is  cunditiotied  uot  ouly  by  their 
fwnposition,  but  also  by  their  molecular  constitution. 

Some  exceedingly  interesting  and  important  result*  have  been 
obtained  with  the  different  allotropic  forms  of  the  elemenLs.  For 
otaraple,  when  equal  masses  of  the  three  comnum  allotropic:  forms 
o(  mrbon  arc  burned  in  oxygen,  the  amounts  of  heat  evolvetl  are 
foumi  to  be  quite  different,  as  is  shown  by  the  following  energy 
tquations:  — 

Id  diamond  +  2  (O)  =  (CO,)  +  94.3  Cal. 
Id  graphite  +  2  (O)  =  (CO,)  +  94.8  Cal. 
[C]  amorphous  +  2  (O)  =  (CO,)  +  97.05  Cal. 

It  16  apparent  that  amorphous  carbon  contains  the  greatest 
■mount  of  energy  of  any  one  of  the  three  allotropic  modifieationfl, 
W<1,  therefore,  when  amorphous  carbon  is  changetl  into  diamond, 
tbe  reaction  must  be  accompanied  by  the  evolution  of  (97.65  — 
W.3)  =  3.35  Cat.  In  like  manner,  the  allotropic  fonns  of  sulphur 
*n(l  phosphorus  have  different  heats  of  combustion.  The  follow- 
*og  equations  show  the  heat  equivalents  of  the  differences  in 
intrinac  enei^  between  the  allotropic  forms:  — 

S  (monocUnic)  =  S  (rhombic)  +  2.3  Cal. 
P  (whit«)  «  P  (red)  +  3.71  Cal. 
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When  the  wime  substance  m  burned  in  oxygen  and  then  in  OBon^ 
it  ia  found  that  more  heat  U  evolved  in  ozone  than  in  oxygea. 
The  encrg>'  equation  expressing  the  change  of  ozone  into  oxygen 
may  be  written  thus, 

(O3)  =  li  (O,)  +  36.2  Cal. 

AH  of  the  above  facts  iUustrate  the  general  principle  that  tha 
larger  amounts  of  intrinsic  enei^  are  associated  with  the  more 
unstiibk'  forms. 

Tbermoneutrality  of  Salt  Solutions.  In  addition  to  the  lav 
of  constant  heat  summation,  Hess  discovered  two  other  important 
laws  of  themiochemistrj',  inz.,  the  law  of  thormoneutraUty  nf 
Bait  solutions,  and  the  law  goveruing  the  neutralization  of  &c:\6s 
by  bases.*  When  two  dilute  salt  solutions  are  mixed  there  h 
neither  evolution  nor  abworption  of  heat.  Thus  when  dilute  solu- 
tions of  Hodiunii  nitrate  and  potassium  chloride  are  mixed,  there  is 
no  tliermal  effect.  The  energ>'  equation  may  be  written  as  follows:— 

NaNO,,  aq.  +  KCl,  aq.  =  NaCl,  aq.  -|-  KNO,.  aq.  +  0  Cal. 

According  to  this  equation  a  double  decomposition  has  taken 
place  and  wc  should  naturally  ex[>ecl  an  evolution  or  an  absorption 
of  heat.  While  Hess  eoukl  not  account  for  the  abf*ence  of  any 
thermal  effect,  he  recogni2e<l  the  fact  a.s  quite  general  and  fornni- 
lated  the  law  of  the  ihermoneutriUity  of  salt  solutions  as  fol- 
lows:—  The  yiw.talhesis  of  neutral  «a/frt  m  dilttle  solutums  takes  placi 
with  neither  evolution  nor  absorptior  of  heat. 

The  explanation  of  the  phenomenon  of  thermoneulraUty  was 
furnished  by  the  theorj*  of  electrolytic  dissociation.  When  the 
above  equation  is  WTitten  in  the  ionic  form,  it  becomes 

Na*  +  N0>'  +  K*  +  or  =  Na'  +  CI'  +  K"  +  NO,'. 

From  this  it  is  apparent  that  the  same  ions  exist  on  both  sides  of 
the  equation,  and  in  reality  no  reaction  takes  place. 

There  are  numerous  exceptions  to  the  law  of  thermoneu- 
trality.  Tliwe  can  be  satisfactorily  accounted  for  by  the  theory  of 
electrolj-tic  dissociation.  All  of  thoee  salts, the  behavior  of  wtiich  in 
dilute  solution  is  contrary  to  the  law,  are  found  to  be  only  partially 


*  Pogg.  Ann.,  50*  385  (I&«0). 
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ionized,  and,  therefore,  when  their  solutions  are  mixed,  a  chem- 
ical reaction  actually  occurs.  The  exceptions  must  be  considered 
as  furnishing  additional  evidence  in  favor  of  the  theory  of  elec- 
trolytic dissociation. 

Heat  of  Neutralization.  Hess  also  discovered  *  that  when 
dOute  solutions  of  equivalent  quantities  of  stroi^  acids  and 
strong  bases  are  mixed,  practically  the  same  amount  of  heat  is 
evolved.  The  following  energy  equations  may  be  considered  as 
typic^  examples  of  such  neutrahzations:  — 

HCl,  aq.  +  NaOH,  aq.  =  NaCl,  aq.  +  HjO  +  13.75  Cal., 
HNO,,  aq.  +  NaOH,  aq.  -  NaNOa  aq.  +  HjO  +  13.68  Cal., 
HCl,  aq.  +  KOH,  aq.  =  KCI,  aq.  +  H,0  +  13.70  Cal., 
HNO,,  aq.  +  KOH,  aq.  -  KNO,,  aq.  +  HjO  +  13.77  Cal., 
HCl,  aq.  +  liOH,  aq.  =  UCl,  aq.  +  K»0  +  13.70  Cal. 

Here  again  it  would  be  difficult  to  expl^  the  phenomenon  with- 
out the  theory  of  electrolytic  dissociation.  In  terms  of  this 
theory,  however,  the  explanation  is  perfectly  plausible.  If  MOH 
and  HA  represent  any  strong  base  and  any  strong  acid  respectively, 
tiien  when  equivalent  amounts  of  these  are  dissolved  in  water, 
each  solution  being  largely  diluted  to  the  same  volume,  the  reac- 
tion may  be  vrittoi  thus:  — 

M"  H-  OH'  +  H'  +  A'  =  M*  -f-  A'  +  H,0  +  13.7  Cal. 

Disr^arding  the  ions  which  occur  on  both  sides  of  the  equality 
sign,  we  have 

OH'  -H  H*  =  H,0  +  13.7  Cal. 

It  thus  appears  that  the  neutralization  of  a  strong  acid  by  a  strong 
base  in  dilute  solution  consists  solely  in  the  combination  of  hydro- 
gen and  hydroxyl  ions  to  form  undissociated  water,  the  heat  of 
this  ionic  r^u^tion  being  13.7  large  calories. 

The  heat  of  formation  of  water  from  its  ions  must  not  be  con- 
fused with  the  heat  of  formation  of  water  from  its  elements. 
When  weak  acids  or  weak  bases  are  neutralized  by  strong  bases 
or  strong  ackb,  or  when  weak  acids  are  neutralized  by  weak  bases, 

•  Loc.  dt. 
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the  beat  of  ncutraUzatiou  may  differ  uidcly  froui  13.7  Col.     Tllii 
U  shown  by  the  following  therraochcmical  equatioas:  — 

H<:OOH,  aq.  +  NaOH,  aq.  =  H.COO;^a,  aq.  +  H,0 

+  13.40  Cal., 
HCla-COOH,  aq.  +  NaOH,  aq.  -  HClrCOONa,  aq.  +  H,0 

+  14.83  Cal., 
H-COOH,  aq.  +  XH40H,  aq.  -  H-COONH^,  aq.  +  H,0 

+  11.90  Cal., 
HCN,  aq.  +  NaOH,  aq.  =  NaCN,  aq.  +  H,0  +  2.90  Cal. 

As  will  be  seen,  the  heat  of  neutralization  may  be  either  greate 
or  less  than  13.7  Cal.    The  exceptions  to  the  generalization  ofJ 
constant   heat  of  neutralization  are  readily  explained  by  Ui«j 
theorj-  of  electrolytic  dissociation.     Swpiwse  a  weak  acid  to  be 
neutralized   by   a  strong  base,     .\ccording   to   the   dissociation 
theory,  the  acid  is  only  slightly  disstwiated  and,  therefore,  yields 
a  comparatively  small  nvimber  of  hydrogen  ion.s  to  the  solution. 
The  bfujc  on  the  other  hand  is  completely  dis.sociated  into  hydroxj'I 
and  metallic  iorw.    Therefore,  as  many  hydroxjl  ions  disappear 
as  there  are  free  hydrogen  ions  with  which  they  can  combine  to 
form  water,     ^^^len  the  equilibrium  between  the  acid  and  the 
products  of  its  dissociation  has  been  thus  di.sturbc*d,  it  undergoes 
further  dLssociation  and  the  resulting  hydrogen  ions  immediately 
combine  viiih  the  free  hydroxyl  ions  of  the  l>ase.     This  proccM 
continues  until  all  of  the  hydroxyl  ions  of  the  base  have  been 
neutralized.     It  is  evident  that  the  tliemial  effect  in  this  Piisc  iS 
tl»e  algebraic  sum  of  the  heat  of  dissociation  of  the  weak  aciJt 
which  may  l)e  positive  or  negative,  and  the  heat  of  formation »» 
water  from  its  ions.     A  similar  exiilnnation  holds  for  the  neutrali- 
zation of  a  weak  bnw  by  :i  strong  neid,  or  for  the  neutralization 
of  a  weak  acid  by  a  weak  base.     This  affords  a  method  for  estiraa*" 
ing  the  approximate  value  of  the  hent  of  dissociation  of  n  ntiil^ 
acid  or  a  weak  base.      For  example,  in  the  equation  given  ftbov*'- 

HCN,  aq.  +  NaOH,  aq.  =  NaCN,  aq.  +  HjO  +  2.90  Cal., 

the  difference  between  2.9  and  13.7  or   -10.8  Cal.  represents 
approximately   the    heat   of   dissociation   of   hydrocyanic  acid- 
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Since  the  acid  U  initially  slightly  dissociated  in  dilute  solution, 
it  is  apparent  that  in  order  to  obtain  the  true  heat  of  diaaociation, 
we  must  add  to  —10.8  Cal.  the  thermal  value  of  the  dissociation 
of  that  portion  of  the  acid  which  has  ah-cady  become  ionized. 
Heat  of  Ionization.  Since  13.7  Cal.  is  the  heat  of  formation 
U  water  from  it*  ions,  this  must  also  be  the  thermal  equivalent  of 
tbecaurgy  required  to  dissociate  one  mol  of  water  into  its  ions.  It 
rnugt  be  rememberetl  that  the  dissociated  molecule  of  water  must 
be  mbced  with  a  very  large  volume  of  undisaociated  water,  in  order 


I 


1     ■                       HEAT  OF  FOKM.\TION  OF   IONS. 

loa. 

IImL  of 
PariuntJQcir 

Ion. 

Hoalof 
FonnatM*. 

0  0 
CL  9 
57  5 
02  U 

32  8 
ICW.O 

121  0 
50  2 

-9  3 
17  0 

IB.O 
35.1 
IS. 4 

-16.8 

-16.0 

Mum    

Silver 

-IB. 8 

-2S.8 

O.fi 

3.3 

39.3 

38.2 

Iodine 

13.1 

Ifon^oua) 

214.4 

151.3 

Cobalt 

Nitrous 

27.0 

-Vickel           

Xitritf 

49  0 

161.1 

Uvroxj'l 

64.7 

that  the  dissociation  may  be  permanent.  Reference  to  the  table 
of  heats  of  formation  (p.  296),  will  show  that  68.4  Cal.  are  required 
^  form  one  mol  of  water  froiii  its  elements.  Hence,  it  follows  that 
6«8.4  —  13.7  =  54.7  Cal.,  is  the  heat  of  formation  of  one  equivalent 
^i  hydrogen  and  hydrox>'I  ions.  It  has  been  shown  that  an  ex- 
tremely small  amount  of  c*ncrg>'  is  necessary  to  ionize  hydrogen 
when  it  is  disaolveci  in  water.  It  is  evident,  therefore,  that  54.7 
Cal.  is  a  close  approximation  to  the  heat  of  fonnation  of  one  equiva- 
lent of  hydroxyl  ions. 

On  the  assumption  that  the  heat  of  ionization  of  f^aseous  hydro- 
gen in  solution  is  zero,  the  values  of  the  other  ionic  heats  of  fonn&- 
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tioii  may  be  computed.  For  example,  the  heat  of  formation  of 
KOH,  aq.  is  1 16.5  Cal.  The  iouic  heat  of  formation  of  potasaium 
ions  must  be  116.5  *■  54.7  =  61.8  Cal.  In  like  manner,  the 
heat  of  formation  of  KCI,  aq.  is  101.2  Cal.;  hence  the  ionic  beat 
of  formation  of  chlorine  ion.s  must  be  101.2  —  61-8  =  39.4  Cal. 
The  precedinK  table  of  ionic  heats  of  formation  hai*  been  calculatwi 
as  ill  ibe  alxjve  exampl<*-f. 

The  Principle  of  Maiimum  Work.  A  fundamental  principle 
of  the  science  of  mcchanica  is,  that  a  aystem  is  in  stable  equilib- 
rium when  its  potential  cnerp;>'  is  a  minimum.  In  1879,  Ber- 
thclot  *  6u^;e9ted  that  a  similar  principle  applies  to  chemical 
systems.  ^H 

In  terms  of  the  kinetic  theor}%  the  temperature  of  a  substaaflP( 
is  to  be  regarded  as  a  measure  of  the  kinetic  energy  of  its  molecules. 
The  development  of  heat  by  a  chemical  reaction  would,  therefore, 
be  taken  as  an  indication  of  a  decrease  in  the  potential  energy  (rf 
the  system.  Bcrthclot's  theorem,  known  as  the  princijile  of 
tnaximum  work,  m.iy  be  stated  as  follows:  —  "Every  chemictU  proc- 
ess aKmnplished  without  the  intervention  of  any  external  energ\l 
tends  to  produce  that  substance  or  systetn  of  substances  which  evi^nn 
the  maximum  amount  of  heat,'*  The  table  of  heats  of  formation 
(p.  296),  illustrates  the  general  truth  of  this  principle,  but  as  will 
be  seen,  the  theorem  precludes  the  possibility  of  spontaneoiw 
endothemiic  reactions.  Thus,  for  example,  the  formation  of 
acetylene  from  its  elements  at  the  temperature  of  the  electric 
arc  is  a  well-known  endothermic  reaction,  but  according  to  the 
principle  of  maximum  work,  it  could  not  take  place  spontaneously' 
Another  serious  objection  to  Berthelot's  principle  is,  that  accord- 
ing to  it,  all  chemical  reactions  should  proceed  to  completion,  ^ 
reaction  taking  place  in  such  a  way  as  to  evolve  the  greatest  amoun* 
of  heat.  As  b  well  known,  many  reactions,  and  theoretically  aU 
reactions,  are  never  complete,  but  proceed  until  a  condition  » 
equilibrium  is  reached.  The  principle  of  maximum  work,  there* 
fore,  denies  the  existence  of  equilibria  in  chemical  reactiotf* 
Many  attempts  have  been  made  to  "explain  away"  these  defects 
but  none  of  them  have  been  successful .  In  referring  to  the  genertB* 
*  Eaaai  de  Mecanique  Cliimique. 
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sation,  Le  Chatelier  terms  it  "a  verj-  interesting  approximation 
toward  a  strictly  valid  generalization. " 

The  Theorem  of  he  Chatelier.  As  a  result  of  his  attempts  to 
modify  the  principle  of  maximum  work  and  render  it  generally 
applicable,  Le  Chatelier  was  led  to  the  discovery  of  a  rigorous  law 
rf  wide-reaching  usefulness.  His  generalization  may  be  stated 
88  follows:  —  Any  aUeration  in  the  factors  which  determine  an  equi- 
Uffium,  causes  the  equilibnum  to  become  displaced  in  such  a  way 
OS  fo  oppose,  as  far  as  possible,  the  effect  of  the  alteration.  If  the 
temperature  of  a  system  which  is  in  equilibrium  be  raised  or 
lowered,  the  resulting  displacement  of  the  equilibrium  is  accom- 
pamed  by  such  absorption  or  evolution  of  heat  as  will  tend  to 
maintun  the  temperature  constant.  An  interesting  illustration 
d  the  behavior  of  a  system  when  one  of  the  factors  controlling 
tiie  equilibrium  is  varied,  is  afforded  by  the  system 

2N02?=tN204. 

IV  reaction  proceeds  in  the  direction  indicated  by  the  upper 

arrow  with  the  evolution  of  12.6  Cal.     Increase  of  temperature 

&vorB  the  reaction  which  is  accompanied  by  an  absorption  of 

heat,  which  in  this  case,  is  the  reaction  indicated  by  the  lower 

airow.    Hence  as  the  temperature  rises,  the  percentage  of  NOa 

increases  at  the  expense  of  NjO*.    This  fact  can  be  demonstrated 

by  the  following  experiment.    Some  liquefied  N2O4  is  placed  in 

each  of  three  long  glass  tubes,  which  are  sealed  at  one  end.     When 

enou^  NsOi  has  vaporized  to  displace  the  air,  the  open  ends  of 

the  tubes  are  sealed.    Changes  in  the  equilibrium  caused  by 

varying  the  temperature  can  \ye  followed  by  noting  the  changes 

in  the  color  of  the  mixture.     N2O4  is  an  almost  colorless  substance, 

while  NOj  is  reddish   brown.     At   ordinary   temperatures   the 

oontents  of  the  tubes  will  be  brown  in  color.    One  tube  is  set 

acdde  as  a  standard  of  comparison,  while  the  temperature  of  the 

second  is  lowered  by  surrounding  it  with  a  freezing  mixture.     As 

the  temperature  falls,  the  brown  color  of  the  contents  of  the  tube 

becomes  much  lighter,  showing  an  increased  formation  of  N304. 

The  third  tube  is  heated  by  immersing  it  in  a  beaker  of  boiling 

water.     As  the  temperature  rises,  the  contents  of  the  tube  becomes 
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much  darker  in  color,  indicating  an  increase  in  the  amount  of  XCH 
in  the  mixture. 

Another  example  is  afforded  by  the  equilibrium  between  i 
and  oxygen,  represented  by  the  equation 

20i?=i3tV 

The  reaction  indicated  by  the  upixir  arrow  is  exothermic.  In- 
crease of  temperature  causes  a  displacement  of  the  equilibrium 
in  the  direction  of  tho  lower  arrow,  since  umier  these  conditions 
heat  is  absorljcd.  Thus,  as  the  tt'mpcrature  rises  oeone  becomes 
increasingly  stable.  Nemst  has  c^culated  that  at  6000'  C-, 
the  temperature  of  the  photosphere  of  the  sun,  10  per  cent  of  tlic 
above  equilibrium  mixture  would  Ije  osone.  Other  applicauuns 
of  the  theorem  of  Le  Chatelier  will  be  given  in  subsequent 
chapters. 

PROBLEMS. 


1.  From  the  foUowing  data  calculate  the  beat  of  formatioa  of  SNO:* 
aq.— 

INH4NO1]  =  (Ni)  +  2  H,0  +  71.77  Cal.,    ' 
2  (H,)  +  (O,)  =  2  H3O  +  136.72  Cal., 
(Ni)  +  3  (H.)  +  aq.  =  2NH,aq.  +  40.64  Cal./ 
NH.aq.  +  HNOiaq.  -  NH^NOjaq.  +  9.110  Cal., 
[NH^NO,]  +  aq.  =  NHiNCnq.  -  175  Cal. 

Am.   (H)  +  (N)  +  (0,)  -f  aq.  "  HNO,aq.  +  30.77  CiL 


I 


2.  By  the  combustion  at  constant  pressure  of  2  grams  of  hydrogen 
with  oxj'geo  to  form  liquid  water  at  17*  C,  G8.36Ca].an.<  evolved.  \Vhst 
is  the  beat  evolutioo  at  constant  volume?  Ana,  67.40  CaL 

3.  The  beats  of  solution  of  Na»S()«,  NajS(>i.H,f),  atu!  Xa»SO*,10n/) 
arc  0.46,  -  1.9  and  -  18.76  Cal.  rrapectivcly.  Whfit  are  the  beatJiof 
hydration  of  NaiSO«;  (a)  to  monohydrate,  (b)  to  decaiiydrate? 

Ans.   (a)  2.36  Cal..  (b)  19.22  CaL 

4  Tlip  bratfl  of  ncutnilizatioti  of  NaOH  and  NH«OH  by  HCI  an*  130! 
and  12.27  Cftl.  respectively.  ^Tuil  is  the  heat  of  ionizatiuu  of  NIl.OH, 
if  H  is  ABBumed  to  be  practically  uodiaaociated?  An*.   \Ai  CaL 
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&  Fran  tlte  f blowing  energy  equations:  — 
IC]  +  (OO  =  (CO,)  +  96.96  Cal., 
2  (H.)  +  (OO  =  2  H,0  +  136.72  Cal., 
2CJ1.  +  16  (OO  =  12  (COs)  +  6  H,0  +  1598.7  Cal., 
2  (CHO  +  5  (OO  -  4  (COs)  +  2  HjO  +  620.1  Cal., 

all  at  ir  C.  and  constant  pressure,  calculate  the  heat  evolved  at  17*^  C. 

b  the  reaction 

3CiH,  5=  CflHs, 

(a)  at  constant  pressure,  and  (b)  at  constant  volume. 

Ana.   (a)  130.8  Cal.,  (b)  129.07  Cal. 

6.  Calculate  the  heat  of  formation  of  sulphur  trioxide  from  the  follow- 
ins  oittgy  equations:  — 

[PbO]  +  [S]  +  3  (0)  =  [PbSO*]  +  1655  K. 
IPbO]  +  H^4.5H,0  =  [PbSO*]  +  6H,0  +  233K 
■u  -^  jTi^]  +  3  (0)  H-  6  H,0  =  H,S04.5  H,0  +  1422  K.^. 
t^'  i  ^  l.[80,l  +  6H,0  =  H,S04.5 H,0  +  411  K. 

Am.  [S]  +  3  (O)  =  [SOi]  +  1011  K. 

7.  What  is  the  heat  of  formation  of  a  very  dilute  solution  of  calcium 
cUoiide?    (See  table  on  p.  262 }  Am.   187.6  Cal. 
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HOMOGENEOUS   EQUIUBRIUM, 

HistoricaJ  Introduction.  Iti  thifs  and  the  two  succeeding 
cbaptcra,  the  conditioas  which  affect  the  rute  and  the  extent  of 
chemical  reactions  will  \k  cou^jidered.  Wh[>n  two  substances 
react  chemically,  it  is  castoniarj'  to  refer  the  phenomenon  to  the 
existence  of  un  attnu-tive  force  known  sm  chemical  afiwity. 

Ever  liince  the  mutai)hyHical  speculations  of  the  Greeks,  who 
widowed  the  atoms  with  tlie  iustinets  uf  love  and  hate,  the  nature 
of  chemical  afHnity  haa  been  under  discussion.  So  little  has  beex^ 
learned  as  to  the  cause  of  chemical  reactions,  tliat  in  recent  year^ 
this  question  has  been  dismissf^d  and  attention  has  l>cen  <iirecte<i 
to  the  more  promising  question  as  to  how  they  take  place.  Ne»^-" 
ton's  dis*M>vt;r>'  of  the  law  of  gravitjition  htl  liim  to  consider  th*? 
attraction  between  atoms  and  the  attrHction  l>etween  large  massed 
of  matter  as  manifestations  of  the  same  force. 

Altfioiigh  NewUjn  found  that  chemical  altnieiion  does  not 
follow  the  law  of  the  inverse  square,  yet  his  suggestion  exerted 
a  profound  influence  upon  the  minds  of  his  contemporaries. 

Geoffroy  and  Bergmann  arranged  chemical  substances  in  the 
order  of  their  displacing  power.  Thus,  if  we  have  three  sub- 
Btances,  A,  B,  and  C  and  the  attraction  between  A  and  B  i« 
greater  than  that  between  .4  and  C,  then  when  B  is  added  to  AC 
it  will  completely  displace  C,  as  indicated  by  the  folloi^'iBg  equa- 
tion:— XC  +  B-XB  +  C. 

These  investigators  overlooked  a  factor  of  fundamental  importance 
in  conditioning  chemical  n^aetivity,  viz.,  the  influence  of  maSB. 
The  importance  of  the  relative  anmunts  of  the  reacting  substances 
in  detennining  the  course  of  a  reaction  was  first  clearly  recognized 
by  Wenael  *  in  1777.    It  remaim-d  for  Borthollet.t  however,  to 

*  Lehre  von  der  chenuschen  Vercrandtscbaft  der  Kdrpca*. 
t  Eiwai  dp  Statique  Chimique. 
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pomt  out  the  significance  of  the  views  advanced  by  Wenzel. 
His  first  paper  on  this  subject  was  published  in  1799,  while  acting 
as  a  scientific  adviser  to  Napoleon  on  his  Egyptian  expedition. 
Under  ordinary  conditions  sodium  carbonate  and  calcium  chloride 
react  according  to  the  equation, 

NaaCO,  +  CaCU  =  2  NaCl  +  CaCOa, 

the  reaction  proceeding  nearly  to  completion.  BerthoUet  observed 
the  deposits  of  sodium  carbonate  on  the  shores  of  certain  saline 
lakes  in  Egypt,  and  pointed  out  that  this  salt  is  produced  by  the 
reversal  of  the  above  reaction,  the  large  excess  of  sodium  chloride 
in  solution  in  the  water  of  the  lakes  conditioning  the  course  of 
the  reaction. 

The  German  chemist  Rose*  furnished  much  aHditional  evidence 
in  favor  of  the  effect  of  mass  on  chemical  reactions.  He  pomted 
out  that  in  nature,  the  silicates,  which  are  among  the  most  stable 
compounds  known,  are  imdei^oing  a  continual  decomposition 
under  the  influence  of  such  relatively  weak  agents  as  water  and 
carbon  dioxide.  The  relatively  strong  specific  affinities  of  the 
atoms  of  the  silicates  are  overcome  by  the  preponderating  masses 
of  water  and  carbon'  dioxide  in  the  atmosphere.  In  1862  an 
important  contribution  to  our  knowledge  of  the  effect  of  mass  on 
the  couifle  of  a  chemical  reaction  was  made  by  Berthelot  and  P6an 
de  St.  Gilles-t  They  investigated  the  formation  of  esters  from 
alcohols  and  acids.  The  reaction  between  ethyl  alcohol  and 
acetic  acid  is  represented  by  the  equation 

CiHsOH  +  CHjCOOH  ^  CHaCOOCjHe  +  HaO. 

Starting  with  equivalent  quantities  of  alcohol  and  acid,  the  reac- 
tion proceeds  until  about  two-thirds  of  the  reacting  substances 
have  been  converted  into  ester  and  water.  In  like  manner,  if 
equivalent  quantities  of  ethyl  acetate  and  water  are  brought 
together,  the  reaction  proceeds  in  the  direction  indicated  by  the 
lower  arrow,  until  about  one-third  of  the  original  substances  have 
been  converted  into  acid  and  alcohol.  In  other  words  the  reac- 
tion is  reverable,  a  condition  of  equilibrium  resulting  when  the 

*  Pogg.  Ann.,  94>  481  (1855);  95,  06,  284,  426  (1855). 

t  Ann.  Chim.  Fbys.  [3],  65,  3S5;  66,  5;  68,  225  (1862-1863^ 


speeds  of  the  two  reactions^  indicated  by  the  upper  and  loweix' 
arrows,  become  equal.  If  now  a  fixed  amount  of  acid  is  takeca^ 
say  1  equivalent,  and  the  quantity  of  alcohol  is  varied,  a  corr^r— 
sponding  displacement  of  the  equilibrium  follows. 

The  following  table  gives  the  results  obtained  by  Berthelot  aa<i 
P<?an  dc  St.  Gillos  for  ethyl  alcohol  and  acetic  acid.  The  hr&X 
and  third  columns  give  the  number  of  equivalents  of  alcohol  t<n 
1  equivalent  of  acetic  acid,  and  the  second  and  fourth  columixs 
give  the  percentage  of  ester  formed. 


Eqtiit-«leala 
ol  Aloobol. 

F>t«r 

Fannad. 

KgaivnloaU 

of  Alfiobol. 

EaUrr 
FonoMl. 

0.2 
0  5 
10 
1.5 

19.3 
t2  0 
66.5 

77,9 

2  0 

4  0 

12  0 

50,0 

82.8 
SS.2 
93  2 
100  0 

The  effect  of  increasing  the  mass  of  alcohol  on  the  course  of  th^ 
reaction  is  very  beautifully  shown  by  the  above  results. 

The  Law  of  Mass  Action.  While  the  influence  of  the  relative 
masses  of  the  reacting  substances  in  conditioning  chemical  reac- 
tions was  thus  fully  established,  it  was  nut  until  1867  that  the  law 
governing  the  action  of  mass  was  accurately  formulated. 

In  that  year  Guldberg  and  Waagc,*  two  Scandinavian  investiga- 
tors, enunciated  the  law  of  mass  action  as  follows: —  The  amount 
of  chemical  action  at  any  stage  of  a  reaclion  is  proportional  to  the 
actipc  masses  of  the  reading  substances  present  at  that  lime.  Guld- 
berg and  Waago  defined  the  term  "active  mass"  as  the  molecular 
concentration  of  the  react'mg  suljstances.  It  is  to  be  carefully 
noted  that  the  amount  of  chemical  action  is  not  porportional 
to  the  actual  masses  of  the  substances  prpsent,  but  rather  t<»  the 
amounts  present  in  unit  volume.  The  law  is  generally  applicable 
to  homogeneous  sj-st^ms;  that  is,  to  those  systems  in  which 
onlinnry  olwervation  fails  t-o  reveal  the  presence  of  e.sseniially 
different  parts.     The  amount  of  chemical   action  exerted   by  a 

*  Etudce  BUT  ios  Affiuit^B  Chimiquce,  Jour,  prakt.  Chem.  121,  i^  09  (1879). 
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nfariance  can  be  detemnneci,  cither  from  it.s  effect  on  the  equill- 
iirium,  or  from  its  iullueucc  on  tbe  spwii  of  re-uetion. 

[a  order  to  apply  the  law  of  mass  action  practically,  it  must  be 
iomiulatcd  mathematically.  Let  a  and  6  denote  the  molecular 
oooccntrations  of  the  substances  initially  present  in  a  reversible 
mcUon.  According  to  the  law  of  mass  action,  the  rate  at  which 
Ibeae  substances  combine  is  proportional  to  the  active  masses 
dl  ewh  constituent,  and  therefore  to  their  product,  ab.  The 
initial  speed  of  the  reaction  at  the  time  U  is  therefore, 

Speed/,  oooi,  or  Speedy,  =  fc  •  a6, 

tn  ffhich  the  proportionality  factor  A;,  is  known  as  the  velocUi; 
toMant.  As  the  reaction  proceeds,  the  molecular  concentrations 
of  the  original  sutist-ances  steadily  diminish^  while  the  molecular 
Qcentrations  of  the  products  of  the  reaction  steadily  increase, 
us  assume  that  after  the  intrfTval  of  time  t,  x  equivalents  of 
Uie  products  of  the  reaction  have  been  formed.  The  speed  of 
lie  original  reaction  will  now  be 

Speed*  —  &  (a  —  x)  (6  —  j). 

Aa  the  reaction  proceeds,  the  tendency  of  the  products  to  combine 
Jmd  reform  the  original  substances  increases.  At  the  time  f, 
when  the  concentration  of  the  products  is  x,  the  speed  of  the 
reverse  reaction  will  be 

Speeds  =  hx  •  z', 

B^ere  iki  is  the  velocity  constant  of  the  reverse  reaction. 

We  thus  have  two  reactions  proceeding  in  opposite  directions: 
the  speed  of  the  direct  reaction  continuously  diminishes  while 
that  of  the  reverse  reaction  continually  increases.  It  is  evident 
that  a  point  nmst  ultimately  be  reached  at  which  the  speeds  of 
the  direct  and  reverse  reactions  become  equal,  and  a  condition 
of  equilibrium  wiil  be  eatablishetl.  Let  X\  represent  the  value  of 
z  when  equilibrium  is  attained;  we  then  have 

Speed  dir«A  =  A:  (a  -  Xi)  (i  -  Xi)  =  Speed  „v«m  =  ftiXi*, 
or 

(a  —  xi)  (6  -  xi)      A-i 


I 


Xi>  h 


A', 


I 


in  which  K  is  known  as  the  equilibrium  constant.    Since  the  vcloc— ^ 
ity  constants  /rand  fci,  are  independent  of  the  concentration,  its 
follows  that  the  above   equation  holds  for  all   concentrations— 
Therefore,  if  the  value  of  the  equilibrium  constant  of  a  reactioiM. 
is  iaionTi,  the  equilibrium  conditions  can  be  calculated  for  any 
concentrations  of  the  reacting  substances.     When  more  than  on^ 
niol  of  a  substance  is  involved  in  a  reaction,  each  mol  must  h» 
considered  separately'  in  the  mass  action  equation. 
Thus,  let 

n,/li  +  ntAi  -i-  .  .  .  ?=tni'A,'  4-  m'At*  +  .  .  . 

represent  any  reversible  reaction,  in  which  Hi  mols  of  Ai  and  n^ 
mols  of  Ai  react  to  form  n  /  mols  of  A  i'  and  Wj'  mola  of  At.  When 
equilibrium  is  attained,  we  shall  have 


or 


kclcl 


''a:^a. 


0) 

in  which  the  symbol  c  is  used  to  denote  the  active  mass,  or  molecul&r 
concentration  of  the  sui>stances  involved  in  the  reaction.  This 
is  a  perfectly  general  form  of  the  masB-actJon  equation.  Since  at 
any  one  temperature,  concentration  and  pressure  are  proportional, 
we  may  write  equation  (I)  in  the  following  form 


PlPl 


pZ'PI' 


-X. 


(2) 


which,  in  the  case  of  gaseous  equilibria,  is  often  a  more  convenient 
form  of  the  equation. 
The  relation  between  the  two  equilibrium  constants,  K^  and  Kp, 


can  be  easily  determined,  as  follows:  — Since 
have,  on  substituting  this  value  of  c  in  equation  (I), 
(PAiYfP^X* 

[htJ  [rtj 


1 

c  =  - 

D 


RT 


wo 


(^'^(^. 


=  (fiDtv+^i-tih+nJif^ 


It  is  evident,  therefore,  that  in  reactions  where  the  same  number 

of  mda  occur  on  Ixith  siHe.*i  of  the  equality  sign,  Kc  =  Kp.     Equa- 

t»n  (1)  (or  c(iuation    (2))   is  sometimes  known  iis  the  reaction 

""'■nn.     While  the  law  of  mass  action  may  he  proved  thermody- 

I  ally,  a  much  simpSer  kinetic  derivjition  has  been  given  by 

.  Hoff.     If  we  assume  that  the  rate  of  ehemical  change  is  pro- 

p"jrtional  to  the  number  of  eoUifiions  per  unit  of  time  between  the 

molecules  of  the  reacting  substances,  then  in  the  reaction 

niAi  +  n^.42  -f  .  .  .  =  n.'Ai'  +  fia'.4s'  +  .  .  .  , 
*i»e  velocity  of  the  direct  change  will  be  kc^c'^  .  .  .  and  the 

velocity  of  the  reverse  reaction  will  be  Aic^'^cJ 

At  equilibrium,  the  two  velocities  will  In*  e<iuat  and,  therefore, 


or 


i^l'Z 


—  kic '/:*., 


Ji'^^V 


As  a  consequence  of  the  assumptions  involved  in  both  the  thermo- 
dynaioic  and  the  kinetic  proofs  of  the  law  of  mass  action,  it  fol- 
k)W8  that  the  law  is  only  strictly  applicable  to  very  dilute  solutions. 
Notwithstanding   this   liiuitation,    experimental    results   indicate       i 
that  it  frequently  holds  for  moderatcly'Conccntratt'd  solutions.        ^t 
Equilibrium  in  Homogeneous  Gaseous  Systems. 
{a)  DecumposUion  of  Ilydriodic  Acid.     A   typical  exaxuple  of 
equilibrium  in  a  gaseous  system  is  afforded  by  the  decomposition 
(rf  hydriodic  acid,  as  represented  by  the  equation 

H2  +  I-i^2HI. 

This  reaction  has  been  thoroughly  investigated  by  Hautefeuille, 
Lemoine  and  Bodenstein.*  The  reaction  is  well  adapted  for 
investigation  since  it  proceeds  ver>'  slowly  at  ordinary  temper- 

•  Zeit.  Phyu.  Chem.  32, 1  (1S07). 
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atures,  while  at  the  tempLralurc  of  IjoUing  sulphur,  448°  C^ 
efjuilil'riuiii  U  established  quite  rapidly.  If  liiu  mixture  of  g^sea 
is  maintained  at  448°  C.  for  some  time  and  i&  then  cooled  quickly, 
the  respective  concentrations  of  tlie  coin|X)nentB  of  the  mixture 
can  be  determined  by  the  oriIinur>'  methods  of  chemical  analysis. 
Various  mixtures  of  the  gases  are  sealed  in  glass  tubes  and  heated 
for  a  defmitj:*  tmio  in  the  vapor  of  boiling  sulphur.  The  tubes 
are  then  cooled  rapidly  to  the  temperature  of  the  room  and,  after 
the  iodine  aad  hydriodic  acid  have  been  removed  by  absorption  in 
potassium  hydroxide,  the  amount  of  free  hydrogen  present  in  each 
tube  is  measured. 
Appljing  the  law  of  mass  action  to  the  above  equation,  we  have 

Expressing  the  anaU'ticai  results  in  mols,  let  a  mols  of  io<iine  be 
mixed  with  6  mols  of  hydrogen,  and  let  2  x  moLs  of  hydriodic  acid 
be  formed.  Then  when  efiuihbrimu  is  established,  a  —  x  will  be 
the  amount  of  iodine  vapor  and  b  —  x  will  l)e  the  amount  of  hydro- 
gen pn^sent.  The  concentrations  being  directly  proportional  to 
the  amounts  prtaent,  we  may  substitute  these  values  for  c^„  c/,, 
and  Cm  in  the  muss-action  equation.  The  following  expression 
is  tlms  obtained :  — 

{b-x){a~x) 


4z« 


K,. 


•Solving  the  equation  for  r,  we  obtain 

a  +  fc-  Vfl"  H-  fc»  -  a//  (2  -  16  iC,) 


2x  = 


\-AK, 


Since,  according  to  Avogadro's  law^  equal  volimies  of  all  gases 
contain  the  same  number  of  molecules,  volumes  may  be  sub- 
stituted for  a,  h,  and  x.  Bodcnstein  expressed  his  results  in  terms 
of  volumes  reduced  to  standard  conditions  of  temperature  and 
pressure.  On  analyzing  equilibrium  mixtures,  Bodcnstein  found 
that  at  448**  C,  K^  =  0.01984,  and  at  350°  C,  K^  =  0.01494. 

Having  detennined  the  value  of  the  equilibrium  constant,  he 
made  use  of  this  value  in  calculating  the  volume  of  hydriodic 
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acid  which  should  be  obtained  from  known  volumes  of  hydix^en 
and  iodine.  A  comparison  of  the  calculated  and  observed  values 
showed  excellent  agreement.  The  following  table  contains  a  few 
of  the  results  obtamed  by  Bodenstein  at  448"  C. 


Hydroftn. 

Iodine, 

HI  oUcuUtad, 

HI  obsarved. 

b. 

a. 

2z. 

2x. 

20.67 

5.22 

10.19 

10.22, 

20.60 

14.45 

25.64 

26.72 

16.75 

11.90 

20.66 

20.70 

14.47 

38.93 

27.77 

27.64 

8.10 

2.94 

5.64 

6.66 

8.07 

9.27 

13.47 

13.34 

It  is  of  interest  to  note  that  a  change  in  pressure  does  not 
alter  the  equilibrium  in  this  gaseous  system.  Making  use  of  the 
partiid  pressures  of  the  components  of  the  gaseous  ^stem  instead 
of  the  concentrations,  we  have 

Now  let  the  total  pressure  on  the  system  be  increased  to  n  times 
its  or^nal  value;  then  the  partial  pressures  are  all  increased  in 
the  same  proportion,  and  we  have 

which  is  equivalent  to  the  original  expression,  since  n  cancels 
out.  The  equiUbrium  is  thus  seen  to  be  independent  of  the  pres- 
sure. This  is  only  true  for  those  systems  in  which  a  change  in 
volume  does  not  occur. 

(b)  Dissociation  of  Phosphorus  Pentachloride.  When  phos- 
phorus pentachloride  is  vaporized  it  dissociates  according  to  the 
following  equation 

PCl6f±PCl3  4-Cl2. 

Applyii^  the  law  of  mass  action,  we  have 

— •  —  Afl. 

cpcit 
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Starling  with  1  mol  of  phosphorus  pcntachloride,  which  if 
sttoiulrd  would  occupy  the  vohmie  V",  under  atmospheric  pressure?,, 
and  letting  a  denote  the  degree  of  dissociation,  the  molecular  cor».-j 
centrations  at  equilibrium  will  be  as  follows:^ 

1  -a 


{\+a)V 


CpCT,  = 


(H-a)K' 


and  Co,  — 


olecular  cor*.— ^ 


t:pck    ' 

I       Letting  (1  +  a)  I"  =  V,  and  substituting  in  the  above  equatioo^  .. 
I       wc  have 


5  vf? 


I  -a       (l-a)V 


-if.. 


At  250°  C.  phosphorus  pentachloride  is  diasociatetl  to  the  extents 
of  80  per  cent.  Under  atmospheric  pressure  1  mol  will  he  presenfc- 
.  273  +  250  , 


in  22.4- 


273 


—  liters  =  V.    The  final  volume  will,  therefore,  be 
,  273  +  250\ 


F  =  (1  +  0.8)  (22.4- 


273 


d 


The  value  of  the  equilihrium  eonstant,  —  usually  designated  in 
cases  of  disaoRiationj  the  diasocwtion  constant,  —  is,  therefore, 

(O.R)» 


A".  = 


(1-0.8X1+0.8)   22.4 


08)  (2 


,  273  +  250\ 
273      ) 


J 


Ha\*ing  obtained  the  value  of  Ka,  the  direction  and  extent  of  the 
reaction  at  250°  C.  can  be  detennined,  provide<l  the  initiid  molec- 
ular concentrations  are  known.  Tlie  reaction  is  accompanied  by 
a  change  in  volume,  and,  therefore,  the  equilibrium  is  displaced  by 
a  change  in  pn^ssure.  Making  use  of  the  partial  pressures  of  the 
components  of  the  gaseous  mixture,  we  have 

pi 

where  pi  and  p»  are  the  partial  pressures  of  phosphorus  penta- 
cfaloride  and  the  products  of  the  dissociation,   phosphorus  tri- 
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chloride  and  chlorine,  rrapectively.  Let  the  total  preasure  be 
increased  n-timesj  then 

'       npi        pi 

It  is  apparent  from  this  equation,  that  the  equilibrium  is  not 
independent  of  the  pressure,  an  increase  in  pressure  being  accom- 
panied by  a  diminution  of  the  dissociation.  An  important  point 
in  connection  with  dissociation,  first  observed  by  Deville,*  is  the 
effect  on  the  equilibrium  of  the  addition  of  an  excess  of  one  of  the 
products  of  dissociation.     For  example,  in  the  equilibrium 

PCl*4ZiPCls  +  Cl», 

an  excess  of  chlorine  or  of  phosphorus  trichloride,  drives  back  the 
dissociation.  If  pi  denotes  the  partial  pressure  of  phosphorus 
pentachloride,  ps  that  of  phosphorus  trichloride,  and  pt  that  of 
chlorine,  then  we  have 

P2'Pi 


Pi 


=  iCp. 


Now  let  an  excess  of  chlorine  be  added;  this  will  cause  the  value 
of  Pt  to  increase.  Since  the  value  of  Kp  is  constant,  the  value  of 
p2  must  diminish  and  that  of  pi  must  increase.  Hence,  the  addi- 
tion of  an  excess  of  either  product  of  dissociation  causes  a  diminu- 
tion  of  the  amount  of  the  dissociation. 

(c)  Dissociation  of  Carbon  Dioxide.    Carbon  dioxide  dissociates 
according  to  the  equation, 

This  is  a  somewhat  more  complex  gaseous  system  than  either  of 
the  foregoing  systems.  When  equilibrium  is  established,  let 
pi  be  the  partial  pressure  of  the  carbon  dioxide,  pa  the  partial  pres- 
sure of  carbon  monoxide,  and  ps  the  partial  pressure  of  oxygen, 
then  we  have 

=—  —  Ap. 

Pl== 

At  3000**  C.  and  under  atmospheric  pressure,  carbon  dioxide  ia 
*  Le^oDB  sur  la  dissociation,  Paris  (1866). 
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40  per  cent  dissociated.     The  purtiiil  pressures  of  each  of  the  com- 
ponents may  be  readily  calculated  as  follows:  — 

„   ^_ 2(1-0.40) 

P'      2  (1  -  0.40)  +  3  X  0.40         ^' 


Pi 


2X0.40 


P>^; 


2  (1  -  0.40)  +  3  X  0.40 
0.40 


=  0.17. 


2(1 -0.40) +3X0.40 
Substituting  these  values  in  the  above  equation,  we  obtain 


K,= 


(0.33)' X  0.17 

fosoj^ 


=  0.074. 


Tlie  dissociation  constant  for  carbon  dioxide  may  have  a  different 
value  if  the  equation  is  written  in  the  form 

CO,?:iCO  +  JO|. 
Applying  the  law  of  mass  action,  we  have 

'  Pi 

Substituting  the  above  values  of  the  partial  pressures,  we  obtain 

Kj,  =  0.272. 

Equilibrium  in  Liquid   Systems.     The  reaction  between   an 
alcohol  and  an  acid  to  form  an  ester  and  water  may  be  taken  aa 
an  example  of  equilibrium  in  a  liquid  system.     In  the  reaction 
CaHtOH  +  CH/:OOH  ^  CHaCOOCH»  +  H^, 

let  a,  b,  and  c  represent  the  number  of  mols  of  alcoliol,  acid  and 
water  respectively,  which  are  present  in  V  liters  of  the  mixture^ 
and  let  x  denote  the  number  of  mols  of  ester  and  water  which 
have  been  formed  when  the  system  has  readied  equilibrium. 
The  active  masses  of  the  components  will  then  be, 


Cweid  — 


b-x 


it«s  =  V? ;  and 


Applying  the  law  of  mass  action,  we  obtain 
(g  -x){b^  x) 


-•wat«r  —  ' 


C  +  «' 


K^ 
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In  Uiis  case  the  value  of  the  equilibrium  constant  is  independent 
of  the  volume.  This  reaction  has  been  studied,  as  already  men- 
tioned, by  Berthelot  and  P^an  de  St.  Gilles.*  They  found  that 
when  equivalent  amounts  of  alcohol  and  acid  are  mixed,  the  reac- 
tion proceeds  imtil  two-thirds  of  the  mixture  is  changed  into  ester 
and  water.    Hence,  we  find 

Having  determined  the  value  of  Kc,  it  may  now  be  used  to  cal- 
culate the  equihbrium  conditions  for  any  initial  concentrations 
of  the  substances  involved  in  the  reaction.  As  an  illustration, 
we  will  take  1  mol  of  acetic  acid  and  treat  it  with  varying  amounts 
of  alcohol,  the  initial  mixture  containing  neither  of  the  products  of 
the  reaction.  The  equation  takes  the  form 
(g  -  j)  (1  -  x)  _  1 

Solving  for  x,  we  have 

x^l{\-\-a-  y/a^-a-ir  1). 

A  comparison  of  the  observed  and  calculated  values  given  in  the 
accompanying  table  shows  that  the  ^reement  is  excellent,  even 
in  the  more  concentrated  solutions,  where  we  might  reasonably 
expect  that  the  mass  law  would  cease  to  hold. 


Alcohol, 

a. 

Ester 

(obaerved), 
z. 

Esur 

(calculated), 
z. 

0.05 

0.05 

0.049 

O.OS 

0.078 

0.078 

0.18 

0.171 

0.171 

0.28 

0.226 

0.232 

0.33 

0.293 

0.311 

0.60 

0.414 

0.523 

0.67 

0.519 

0.628 

1.0 

0.666 

0.667 

1.5 

0.819 

0.785 

2.0 

0.858 

0  846 

2.24 

0.876 

0.864 

8.0 

0.966 

0.945 

*  Loc.  cit. 
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The  Variation  of  the  EquUibriuxn  Constant  with  Temperature. 
Van't  Hoff  showed  that  the  displacement  of  eqailibrium  due  to 
change  in  temperature  is  connected  with  the  heat  evolved  or  ab- 
sorbed in  a  chemical  reaction  by  the  equations 


and 


dT  Rr' 


d(log,gp)^   Q, 
dT  HT*' 


(1) 


(2) 


.where  Q^  and  Qp  are  the  heats  of  reaction  at  constant  volume  und 
leonstant  pressure  respectively,  and  where  R  nnd  T  have  their 
usual  signihcaDcc.  E^juation  (I)  ik  known  as  the  reticiion  i^ochott. 
Both  equations  bhow  that  the  rate  of  change  of  the  natural  log- 
arithm of  the  equilibrium  eonstant  with  iempcratme  is  equal  to 
the  total  heat  of  reaction  divided  by  the  molecular  gas  conittAnt 
times  the  square  of  the  absolute  temperature  at  which  the 
reaction  tukes  place.  Equations  (1)  and  (2)  hold  only  for  disphioe- 
ments  of  the  equilibrium  due  to  infinitely  small  changes  in  to-mper^ 
ature.  In  order  to  render  these  equations  appUcabte  to  concrete 
equihbria,  it  is  necessary  to  int^rate  them.  The  integration  of 
these  expressions  can  only  be  performed  if  Q  is  constant.  For 
small  intervals  of  ten)p)erature,  Q  is  practicatly  indei)endcnt  of 
the  temperature,  and  for  larger  intervals  we  may  take  the  value 
of  Q  which  corresponds  to  the  mean  of  the  twtt  temperature* 
between  which  the  integration  is  performed.  Integrating  equa- 
tions (I)  and  (2)  on  this  assumption,  wc  obtain 


and 


log,K,,  -  Iog,Kc,- ^(^^  -  ^J. 
Iog./:^-log.iC,  =  |(^-i). 


rsi 


(4) 


i^aasing  to  Briggsiian  logarithms,  and  putting  R  • 
equations  (3)  and  (4)  become 


LWcaloriM, 


(fi) 


logK„-logAV  =  j;^(^^') 


We  shall  now  proceed  to  ahow  how  thoK;  important  equations 
nuy  bt>  applied  to  several  typical  equilibria.  ^ 

(»)  Vaporization  of  Water.    The  equilibrium  between  a  liquid  | 
and  ita  vapor  is  conditioned   by    the   pressure  of  the   vapor, 
Uiisin  turn  being  dependent  upon  the  temperature.     In  this  case 
of  physical  equilibrium,  we  have  iCp,  =  pi,  and  K^  =  pj.    The 
viJue  of  Q,  for  water  can  be  calculated  from  the  following  data: 


Ti  =  273** 


pi  =    4.54  ram.  of  mercury. 


Tt  =  273°  +11°.54,  Pa  =  10.02  mm.  of  mercury. 
Sofastituting  in  equation  (6),  we  have 

4.581  (log  10.02  -  log  4.54)  273  X  284.5 


or 


^^  273  -  284.5 

Q„=  - 10,670  calories. 


TTie  value  of  Qp  obtained  by  experiment  is  — 10,854  calories. 
(b)  Dissociatum  of  Nitrogen  Tetroxide.    In  the  reaction 

N,04?=*2NOj, 

the  following  values  for  the  dissociation  of  NjO*  have  been  ob- 

tAined:  — 

Ti  =  273"  +   26M,  «,  =  0.1986, 

Ti  =  273*'  +  lir.3,  a,  =  0.9267. 

If  the  di.ssociation  takes  place  under  a  pressure  of  1  atmosphere^ 
then  the  partial  pressures  of  the  component  gases  will  be 


The  values  of  /Tp,  and  Kp,  are,  then,  according  to  the  law  of 
maas  action  as  follows:  — 


r 


I 

I 
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K^  = 


m' 


1  —  02         1  —  flfi' 


1  +  02 
Substituting  in  equation  (6)  and  solving  for  Qp,  wc  obtain 


Qp  = 


4.581  log 


4  X  (0.9267)' 
I  ~  (0-9267) 


:»-^<«r^ 


4  X  (0.1986)= 


(0.1986)' 


209.1  X  384.5 


299.1  -  384.3 


or 
Q,  =  -12,260  calories  per  mol  of  NjO,. 

In  a  reaction  which  is  accompanied  by  no  thermal  chang^' 
Q  =  0,  and  the  right-hand  side  of  equations  (1)  and  (2)  become^* 
equat  to  zero.  In  other  words,  in  such  a  reaction  a  change  i-^*'- 
temperature  does  not  cause  a  displacement  of  the  equilibrium. 

The  reaction,  ^J 

CtHtOH  +  CH3COOH  5=*  CH^OO.CtH*  +  HjO,  ^M 

is  accompanied  by  such  a  small  thermal  change  that  it  may  b^^ 
considered  as  eoro,  and  according  to  the  above  reasoning  ther^^ 
should  be  only  a  very  slight  displacement  of  the  equilibrium  wber*- 
the   temperature    is   varied.     Berthelot    found   that   at    10"  C.  ^^ 
65.2  per  cent  of  the  alcohol  and  acid  are  changed  into  ester,  ant^  | 
at  220°  C,  G6.0  per  cent  of  the  mixture  is  transformed  into  ester- 
As  will  be  seen,  an  increase  of  210°  produces  hardly  any  displace — 
ment  of  the  equilibrium. 

PROBLEMS. 

1.  When  2.94  moU  of  iodine  and  H.IU  mols  of  hydrogen  are  heated  at 
constant  volume  at  444"  C.  until  (equilibrium  is  established,  5.B4  mnla 
of  hydriodjc  acid  are  formed.  If  wc  start  with  5.30  mob  of  io<1ineand 
7.94  mols  of  hydrogen,  how  much  hydriodic  acid  is  present  at  equilibrium 
at  the  same  temperature?  Ans.  9.40  mob. 

2.  At  200^  C,  and  under  atinospheric  pressure,  carbon  dioxide  is 
1.80  per  cent  dissociated  according  to  the  equation 

2COi^2CO  +  0,. 
Calculate  the  equilibrium  constant  for  the  above  reaction  using  partial 
ppesBuree.  Ans.  3  x  10^. 


3.  Mial  is  the  equilibrium  euusiiuit  iu  tliu  precediug  problem,  if  tbe 
MBrttttratioDs  are  expressed  in  mois  per  liter?  An*.    1.61  X  I0-*. 

i  When  6.63  iituU  uf  amylene  and  I  mtil  uf  acetic  acid  are  mixed, 
dSSSiDol  of  ester  is  formed  in  the  total  volume  of  894  liters.  How  much 
«l»  »i]]  be  formed  when  we  start  with  4.48  mols  of  amylene  and  1  mol 
rfacrtic  acid  in  the  volume  of  6S3  liters?  Ans.  0.81 1 1  mol. 

5.  If  1  mul  of  acetic  add  aud  1  mol  of  eih>l  alcohol  are  mixed,  the 
ittctioo 

CHsOH  +  CH,COOH  ?=*  CH^0OC,Hs  +  H^, 

proceeds  until  equilibrium  la  reached,  wlien  {  mol  of  eLhyl  alcohol,  \  mol 
rf  acetic  acid,  i  mol  of  ethyl  acetate,  aud  |  mol  of  water  are  present.  If 
■6«Urt  (a)  with  1  mol  of  acid  and  2  mols  of  alcohol;  (b)  with  1  mol  of 
*cid,l]nol  of  alcohol,  and  1  mol  of  wat«r;  (c)  with  1  mol  of  ester  and  3 
n^of  water,  how  much  ettter  will  be  present  in  each  caae  at  equiUbrium? 
Ana.   (a)  0.845  mol,  (b)  0.543  mol,  (c)  0.465  moL 

6.  In  tbe  reaction 

HCl-f  jO;^iH,0  +  a, 

*c  find,  since  J  0  =  i  Oj,  for 


the  values  3.02  at  386°  C.  aud  2.35  at  419°  C,  Calculate  the  heat  evolved 
kf  the  reaction  under  constant  pressure,  Ans.  6827  cal. 

^7.  Above  150"  C.  NOi  begins  to  dissociate  according  to  the  equation 
NO,  i^  NO  +  i  Oj. 

At  390"  C.  the  vapor  density  of  NO,  is  19.57  (H  =  I),  and  at  490"  C 
it  is  18.04.  Calculate  the  degree  of  dissociation  according  to  the  abovo 
equittion  at  each  of  these  temperatures;  the  equdibrium  constants 
expressing  the  concentrutious  iu  mols  per  liter;  and  the  beat  of  dissoci- 
ation of  NOi. 

Am.  ai  =-  0.35,    a,  =  0.55.    K,  =  2.884  x  I0-». 


iCi  =  7.173  xlO-*. 


Q  =  -&H)7  c&l. 


Heterogeneous  Systems.  We  have  uow  to  consider  equilibria 
in  systema  made  up  of  matter  iu  different  states  of  aggn'i^ation. 
Such  systems  are  tenued  heierogenemt^  ity^^ins,  as  diBlinguishid 
from  tliose  dealt  with  in  the  preceding  chapter  where  the  compo- 
sition is  unifonn  throughout.  The  physically  distinct  portions  of 
matter  involved  in  a  heterogeneous  system  are  known  as  phases, 
each  phase  being  homogeneous  and  separated  from  the  other 
phages  by  definite  bounding  surfaces.  Tims,  ice,  liquid  water 
and  vapor  constitute  a  plijsicuUy  hetcri>gene<ms  system.  Another 
heterogeneous  system  is  formed  by  calcium  carlwnate  and  its 
dissociation  products,  ualcimu  oxide  and  carbon  dioxide.  The 
equilibrium  between  a  solid,  its  saturated  solution,  and  vapor 
affords  an  illustration  of  a  still  more  complex  heterogeneous 
system. 

Application  of  the  Law  of  Mass  Action  to  Heterogeneous 
Equilibria.  It  has  been  shown  in  the  preceding  chapter  that 
tlie  law  uf  mass  action  may  be  applied  t-o  homogenenus  equilibria 
providinl  the  molecidar  condition  of  the  reacting  substances  is 
known. 

WTien  we  attempt  to  apply  the  law  of  mass  action  to  hetero- 
geneous  equilibria,    especially    where   solids   are   involved,    the 
problem  presents  difficulties.     In  his  investigation  of  the  dis- 
sociation of  calcium  carbonate,  according  to  the  equation 
[CaCO,];=i[CaOH-(CO,), 

Debray  *  showed  that  just  as  every  liquid  has  a  definite  vapor 
pressure  corresponding  to  a  certain  temperature,  so  there  is  i^B 
definite  pressure  of  carbon  dioxide  over  calcium  carbonate  at  ft^" 
definite  temperature.     Furthermore,  the  pressure  was  found  to 
be  independent  of  the  amount  of  calcium   carbonate  prescni 

*  Compt.  rend.,  64,  603  (1867). 
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Guldbci^  and  Waagc  *  showed  that  the  law  of  mass  action  can 
be  applied  to  such  heterogeneous  equilibria,  provided  that  th* 
active  masses  of  the  solids  present  are  considered  as  constant.     1 

Xernst  pointed  out  that  this  statement  of  Guldberg  and  Waage 
can  be  easily  reconciled  with  oxpiTirnentuI  faets.  In  a  hetero- 
geneous equilibrium  involving  solids,  it  is  only  necessary  to  con- 
eider  the  gaseous  phase,  the  active  mass  of  a  solid  being  equivalent 
to  its  concentration  in  the  gaseous  phase.  That  is,  every  solid 
is  to  be  looked  upon  as  possessing,  at  a  definite  temperature,  a  defi- 
nite vapor  pressure  which  is  entirely  independent  of  the  amount  of 
solid  present.  Such  substances  as  arsc^nic,  antimony,  and  cadmium 
are  known  to  have  appreciable  vapor  pressures  at  relatively  Sow 
temperatures,  and  it  is  quite  reasonable  to  suppose  that  every 
solid  substance  exerts  a  definite  vapor  pressure  at  a  definite  temper- 
ature, even  though  we  have  no  method  sufficiently  refined  to  meas- 
ure such  minutti  pressures. 

Since  the  active  mass  of  a  solid  remains  constant  so  long  as 
any  of  it  is  present,  the  application  of  the  law  of  mass  action 
to  certain  heterogeneous  equilibria  is,  in  general,  simpler  than 
its  applieatiou  to  homogeueou»  uystetns.  The  truth  of  this  state- 
ment will  be  evident  after  a  few  tjpical  heterogeneous  systems 
h&ve  been  considered. 

(a)  Dissocialion  of  Calcium  Carbonate.    In  the  reaction 
ICaCOj]^ICaO]-H(CO,), 

let  Ti  and  ts  represent  the  pressures  due  to  the  vapor  of  calcium 
carbonate  and  calcium  oxide  respectively,  and  let  p  denote  the 
pressure  of  the  carbon  dioxide.  Appl>ing  the  law  of  mass  action, 
we  obt^ 

But  since  iri  amd  irj  are  ccmstant  at  any  one  temperature,  the 
equation  becomes 

P  =  ^/, 
or,  the  equilibrium  constant  at  any  one  temperature  is  solely 
dependent  upon  the  pressure  of  the  carbon  dioxide  evolved.    The 

•  Loc.  cit. 


I 

1 


I 


accorapanyU»g  table  gives  tlie  values  of  the  pressure  of  carbon 
dioxide  corresponding  to  various  temperatures. 


Tptnpentura, 

UiUmmMnur 
Mareury. 

M7 
610 
625 
740 
745 
810 
812 
865 

27 

46 

56 

255 

289 

678 

753 

1333 

PI'PI 


=  K. 


(I) 


Since  v  is  constant  at  any  one  temperature,  equation  (1)  becomes 

Pi -Pi  =  AV- 
According  to  Dalton's  law  of  partial  pressures,  we  have 
P  ==  pi  +  p«  +  »» 
k  •  Compt.  rend.,  93.  595,  730  (1881). 


(h)  Dissociation  of  Ammonium  Hydrosulphide.  When  solid 
ammoniuin  hydrosulphide  is  heated,  it  is  ahnost  completely  dis- 
sociated into  ammonia  and  hydrogen  sulphide  as  shown  by  the 
following  equation:  — 

lNH*aS]?:±(NH,)  +  (H,S). 

This  reaction  was  investigated  by  Isambert,*  who  found  that  the 
total  gas  pressure  at  25".!  C.  is  equal  to  501  mm.  of  mercury. 
Since  the  partial  pressures  of  the  ammonia  and  hydrogen  sulphide 
arc  necessarily  the  same,  each  must  be  approximately  equal  to 
250.5  mm.,  the  relativply  small  pressure  due  to  the  imdissociated 
vapor  of  the  ammonium  hydrosulphide  being  neglected.  Ijet  w 
be  the  partial  pressure  of  the  vapor  of  ammonium  hydrosulphide, 
and  let  pi  and  pj  be  the  partial  pressures  of  the  ammonia  and 
hydrogen  sulphide.    Applying  the  law  of  mass  action,  we  have 
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where  P  is  the  total  pressure.  Neglecting  the  relatively  small 
pressure  t,  we  may  write 

F  =  Pi  +  ft. 

Hence,  since  pi  —  pii 

P 

2-  =  P^  =  P2- 

Substituting  these  values  in  equation  (1),  we  obtain 
^  =  K,'=<f)!  =  62,750. 

The  value  of  ihe  equilibrium  constant  may  be  checked  by  observ- 
ing the  effect  on  the  system  of  the  addition  of  an  excess  of  either 
one  of  the  products  of  the  dissociation.  The  accompanying  table 
gives  the  results  of  a  few  of  Isambert's  experiments. 


riiMiiKi  iif 

Ammanu. 

Pressure  of 
Hydroffen 
Sulphide. 

Pnh/Ph,8  -  V- 

208 
138 
417 
453 

294 
458 
146 
143 

61,152 
63,204 

60,882 
64,779 

Mean  62,504 

As  will  be  seen,  the  mean  value  of  the  equilibrium  constant  agrees 
well  with  the  value  found  for  equivalent  amounts  of  the  products 
of  dissociation. 

(c)  Diasociaiion  of  Ammonium  Carbamate.    The  dissociation  of 
ammonium  carbamate  takes  place  according  to  the  equation 
,0NH4 
0C<(  =Hi2(NH,)  +  (C0,). 

^NH, 

This  dissociation  has  been  investigated  by  Horstmann.*    Applying 
the  law  of  mass  action,  we  have 

Pi' -Pa 


—  Kp, 

T 

•  Lieb.  Ann.,  187,  48  C1877).| 
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where  pi  and  pi  are  the  partial  pressures  of  ammoiiia  and  carbon 
dioxide  rcspectivclyt  and  where  v  is  the  partial  pressure  of  ammon- 
ium carbamate.    Since  r  is  constant,  equation  (2)  Ijecomes 

pi'pi  =  Kp'. 

If  P  denotes  the  total  gaseous  pressure,  and  ir  is  n^lected  as  in 
the  preceding  example,  we  hiive,  since  three  mols  of  gas  are 
formed 

4/«  ,  P 


Pi* 


9 


and 


P,=  3. 


Substituting  these  valuer  in  equation  (2),  we  have 

This  equation  has  also  been  tested  by  Isarabert  •  by  adding  an 
excess  of  ammonia  or  carbon  dioxide  to  the  dissociating  system. 
He  found  that  the  value  of  the  e<iuilibriuni  constant  remains 
practically  conslimt.  The  addition  of  a  foreign  gas  was  shown 
to  be  without  effect  on  the  dissociation. 

(d)  Dissociation  of  Die  Hydrates  of  Copper  Sulphate.  Many  inter- 
esting examples  of  heterogeneous  equilibrium  are  furnished  by  hy- 
drated  salts.  Thus,  if  crystallized  copper  sulphate,  CuS04.5  HjO, 
is  placed  in  a  desiccator,  it  gradually  loses  water  of  crj'stallization 
and  ultimately  only  the  anhydrous  salt  remainH.  If  the  desiccator 
be  provided  with  a  manometer  and  is  so  arranged  that  the  tem- 
perature can  be  maintained  constant,  it  is  ix>ssible  to  observe  the 
changes  in  vapor  pressure  accoinp:uiying  the  process  of  dehydr^ 
tion.  At  the  temperature  of  50**  C,  the  pressure  over  completely 
hydratcd  copper  sulphate  is  found  to  remain  constant  at  47  mm. 
until  the  salt  has  Vieen  deprive*!  of  two  molecules  of  water,  when 
it  drops  abruptly  to  30  mm.  and  remains  constant  until  two  more 
molecules  of  wat^^r  have  been  lust.  It  then  drops  again  to  4.4  mm. 
and  remains  constant  until  dehydration  Is  complete. 

The  successive  stages  of  the  dehydration  are  shown  in  the  accom- 
panying diagram,  Fig.  76.  The  constant  pressures  observed  in 
the  dehydration  correspond  to  the  successive  equilibria  involved. 

•  Lot  cit. 
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At  50^  C.  the  pentahydrate  and  the  trihydrate  are  in  equilibrium, 
a  pressure  of  47  mm.  being  maintained  so  long  as  any  of  the  penta- 
hydrate is  present.  When  all  of  the  pentahydrate  is  used  up, 
then  the  trihydrate  begins  to  undergo  dehydration  into  the 
monohydrate.    This  is  a  new  equilibrium  and  the  pressure  of  the 


47  nun 


80  mm 


uLiiuu 


«H|0 


8H,0 
CompositibD 

Fig.  76. 


1H,0       OB,0 


aqueous  vapor  necessarily  changes,  and  remains  constant  so  long 
as  any  trihydrate  rrauains.  The  last  stage  corresponds  to  the 
equilibrium  between  the  monohydrate  and  the  anhydrous  salt. 
The  following  equations  represent  the  three  successive  equilibria:; — 

(1)  CuS04-5H«0?±CuS04.3HaO  +  2HA 

(2)  CuS04.3HjO;=iCuS04.H,0  +  2HA 

(3)  CuSO«-HsO;=fcCuS04  +  H,0. 

Applying  the  law  of  mass  action  to  the  first  of  the  above  equi- 
libria, we  have 

in  which  n  and  xj  denote  the  partial  pressures  due  to  the  hydrates 
CuSOi.S  HsO  and  CuSO^.S  HaO  respectively,  and  p  denotes  the 
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pressure  of  aqueous  vapor.  Since  n  and  -n  are  constant, 
above  expression  amplifies  to  the  following 

In  a  similar  manner  it  may  be  shown  that  the  pressure  of  aqu 
vapor  in  the  other  equilibria  must  be  constant.  It  must 
clearly  understood  that  the  observed  pressure  is  only  defi 
and  fixed  when  two  hydrates  are  present.    If  the  dehydra 


Temperaturo 
Fig.  77. 

were  conducted  at  another  temperature  than  50°  C.  the  equilibi 
pressure  would  be  different.  Tlie  vapor  pressure  curves  of 
different  hydrates  are  shown  in  the  temperature-pressure  dia( 
of  Fig.  77. 

Heat  of  Dissociation  of  Solids.  When  the  products  of 
dissociation  of  a  solid  arc  gaseous,  it  has  been  pointed  out  b; 
Forcrand  *  that  the  ratio  of  the  heat  of  dissociation  of  1  m 

*  Ann.  Chim.  Pbys.  [7],  2%  545. 
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solid  to  the  absolute  t^nperature  at  which  the  dissociation  pres- 
Bure  is  equal  to  1  atmosphere,  is  constant.  Or,  denoting  the  heat 
of  dissociation  by  Q  and  the  absolute  temperature  by  T,  De  For- 
crand's  relation  may  be  expressed  thus, 

Q 

^  =  constant  =  33. 

Nemst  has  shown  that  the  value  of  the  constant  in  this  relation 
is  not  independent  of  the  temperature.  Thus,  the  value  of  the 
ratio  at  100°  C.  is  29.7,  while  at  1000°  C.  it  is  37.7.  Up  to  the 
pr^ent  time  no  expression  has  been  derived  in  which  the  variation 
of  the  ratio  with  the  temperature  is  included. 

Distribution  of  a  Solute  between  Two  Immiscible  Solvents. 
When  an  aqueous  solution  of  succinic  acid  \a  shaken  with  ether, 
the  acid  distributes  itself  between  the  ether  and  the  water  in  such 
a  way  that  the  ratio  between  the  two  concentrations  is  always 
constant.  It  will  be  seen  that  the  distribution  of  the  succinic 
acid  between  the  two  solvents  is  analogous  to  that  of  a  substance 
between  the  liquid  and  gaseous  phases  (see  page  170),  and  there- 
fore the  laws  governing  the  latter  equilibrium  should  apply  equally 
to  the  former.  Nemst  *  has  shown  that  (a)  //  the  molecular 
vjeight  of  the  solvie  is  the  same  in  both  solvents,  the  ratio  in  which  it 
distrUnttes  itself  between  them  is  coTistant  at  constaTit  temperature^ 
or  in  other  words,  Henry's  law  is  applicable;  and  (b)  //  there  are 
several  solutes  in  solution  the  distribution  of  each  solute  is  the  same  as 
if  U  were  present  alone.  This  is  clearly  Dalton's  law  of  partial 
pressures.  The  ratio  in  which  the  solute  distributes  itself  between 
the  two  solvents  is  termed  the  coefficient  of  distribution  or  partition. 
The  following  table  gives  the  results  of  three  experiments  on  the 
distribution  of  succinic  acid  between  ether  and  water. 


Coooentration 
in  Water. 

Concentration 
in  Ether. 

Distribution 
CoefficieDt. 

43.4 

43.8 
47.4 

7.1 
7.4 
7  9 

6  1 
5.9 

6.0 

•  Zeit.  phys.  Chem.,  8,  110  (1891), 
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A»  will  be  seen  the  distribution  coefficient  is  constant,  sboir- 
ing  that  Henry's  law  applies.  Wlion  the  molecular  weight  of  a 
aolute  is  not  the  same  in  both  aolventa  the  distribution  coefficient 
\»  not  coiMtaiii,  and  conversely,  if  the  diutribution  coefficient  is 
not  constant,  we  infer  that  tlie  niolecular  weights  of  iht*  solute 
in  the  two  solvents  are  not  identical. 

Let  UH  aMsunie  that  a  solute  whuee  normal  molecular  wej^t  is 
A,  when  EihakeJi  witli  two  iniuiificible  solvents  undergoes  poK^meri- 
zation  in  une  of  theni,  ita  molecular  weight  being  .4,^.  We  tbea 
have  the  equiUI)rium 

Am4=^nA'. 

applying  the  law  of  roaas  action,  we  have 


jOAjI. 


o. 


=  K.. 


If  the  molecular  weight  in  one  Bolvcnt  is  twice  the  molecular 
weiglit  in  the  other,  then  «  =  2,  and 

—      or    —7=  =*  con.stant,  since  the  two  ratios  arc  not  equal. 

TliUH  Ncmst  found  the  following  concentrations  of  benzoic  acid 
when  it  was  shaken  witli  beiizene  and  water. 


cx  (Vtmtm). 

e%  (BeBMua). 

0  0160 
0  0195 
0.0289 

n,2i2 

0  412 
0.970 

0.002 
0.O48 
0.030 

0  0305 

o.oao'i 

0.0293 

I 


Al  will  be  seen,  the  values  of  the  ratio  Ci/ct  steadily  decrease, 
while  on  the  other  hand,  the  values  of  the  ratio  Ci/v'c^  remain 
constant.  This  shows,  therefore,  that  benzoic  acid  has  twice  the 
normal  nioleculnr  weight  in  benzene. 

The  Solution  of  a  Solid  in  a  Kon-dissociating  Solvent  When 
a  fMilid  is  liraught  in  contact  with  a  non-dissociating  solvent,  it 
continues  to  dissolve  until  the  solution  becomes  saturated.  A 
ctModition  of  equilibriuin  then  obtains,  the  rates  of  solution  and 
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predintation  being  the  same.  This  is  plainly  a  case  of  hetero- 
geneous equilibrium.  If  c  is  the  concentration  of  the  dissolved 
substance,  and  t  is  the  concentration  of  the  undissolved  solid,  then 
acooiding  to  the  law  of  mass  action 

or  since  t  is  constant, 

c  =  KJ. 

Varifttion  of  the  Constant  of  Heterogeneous  Equilibrium  wHh 
Temperature.    The  reaction  isochore  equation  of  van't  Hoff 

dgog^  _    Q 
dT  RT^' 

which  has  been  shown  to  connect  the  displacement  of  a  homo- 
geneous equilibrium  with  change  in  temperature,  applies  equally 
well  to  heterogeneous  equilibria.  The  following  examples  will 
serve  to  illustrate  its  application  in  such  cases. 

(a)  DissocicUion  of  Ammonium  Hydrosidphide.    In  the  reaction 
representing  the  dissociation  of  ammoniimi  hydrosulphide, 

[NH4HS1^(NH,)  +  (H^), 

let  pi  and  pt  be  the  partial  pressures  of  ammonia  and  hydrogen 
sulphide,  and  let  r  be  the  partial  pressure  of  ammonium  hydro- 
sulphide.    Then  as  has  been  shown  (see  page  331), 

^p'  =  -J ' 

where  P  is  the  total  gaseous  pressure.    From  the  following  data :  — 

Ti  =  273°  +  9°.5,  Pi  =  175  mm.  of  mercury, 

and 

Ti  =  273°  +  25°.l,  Pi  =  501  mm.  of  mercury, 

we  have;  on  apptyix^  the  reaction  isochore  equation,  and  solving 
forQ« 

A.581  [log  (^^J  -  log  (^yj  282.5  X  298.1 

^'  ^  282.5  -  298.1  ' 

or  Qp  =  -  22,740  calories. 
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This  result  agrees  well  with  the  value,  —  22,800  calories,  found 
by  direct  experiment. 

(b)  Solution  of  Sticcinic  Acid.  The  concentration  of  succinic 
acid  (in  a  Siiturated  solution)  and  the  temperalore,  aru  the  factors 
which  determine  the  equilibrium  in  this  case.     In  the  equation 

dT       /er-' 

Kt  =  c,  where  c  is  the  concentration  of  succinic  acid  in  a  saturalwl 
solution.  The  following  oxptTimcntjil  data,  due  to  van't  Hoffi 
enables  us  to  calculate  the  heat  of  solution  of  the  acid. 

Ti  =  273**  c  =  2.S8  grams  per  100  grams  of  water, 

and 

r,  =  273°  +  8° .5,       c  =  4.22  grama  per  100  gram.'*  of  water. 

Substituting  in  the  reaction  isochore  equation  and  solving  for  Qi, 

we  have 

„  ^  4.581  (log  4.22  -  log  2.88)  273  X  281.5 
^  273  -  281.5  ' 


or 


Q  =  -  6871  calories. 


■ 


The  value  of  the  heat  of  .wlution  for  1  mol  of  succinic  acid  ts 
found  by  direct  experiment  is  —0700  calories. 

The  Phase  Rule,  ^\llile  it  Is  possible  to  apply  the  law  of 
ma-Ks  action  to  certain  heterogeneous  efjuilibria  there  an*  numerous 
cases  where  its  application  is  eitlier  difHcult  or  impossible.  To 
deal  with  such  heterogeneous  sj-stems  we  make  use  of  a  general- 
isation discovered  by  J.  Willard  GibKs,*  late  professor  of  mathe- 
matical physics  in  Yale  University.  This  gene-ralization  was  first 
stated  by  Gibbs  in  1874,  and  is  commonly  known  a.s  the  phase  rule. 
Before  entering  upon  a  discussion  of  the  phase  rule,  it  will  be 
neccss.'uy  to  define  a  few  of  the  terms  employed. 

The  composition  of  a  s>-3tem  is  detennincd  by  the  number  of 
independent  variables  or  componcnla  invoiveni.  Thu.s  in  tbe 
system  —  ice,  water,  and  vapor  —  thert^  is  but  a  single  com- 
ponent.   In  the  s>'stcm 

CaCO,iiCaO-|-Cd,, 
*  Trans.  Connecticut  Academy.  Vola.  II  and  III,  IS75-8. 
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while  there  are  three  constituents  of  the  equilibrium,  only  two  of 
these  need  be  considered  as  components,  for  the  amount  of  any 
one  constituent  is  not  independent  of  the  amounts  of  the  other 
two,  as  the  following  equations  show:  — 

CaO  +  CO2  =  CaCOs, 

CaCOs  -  CaO  =  COa, 

CaCOs  -  CO2  =  CaO. 

In  general,  the  components  are  chosen  from  the  smallest  number 
of  independently-variable  constituents  required  to  express  the 
composition  of  each  phase  entering  into  the  equilibrium,  even 
negative  quantities  of  the  components  being  permissible. 

The  number  of  variable  factors, — temperature,  pressure,  and 
concentration, —  of  the  components  which  must  be  arbitrarily  fixed 
in  order  to  define  the  condition  of  the  system,  is  known  as  the 
deffree  of  freedom  of  the  system.  For  example,  a  gas  has  two 
degrees  of  freedom  since  two  of  the  variables,  temperature,  pres- 
sure or  volume,  must  be  fixed  in  order  to  define  it;  a  liquid  and  its 
vapor  has  only  one  degree  of  freedom,  since  for  equilibrium  at  a 
certMn  temperature,  there  can  be  but  a  single  pressure;  and  in  a 
system  consisting  of  a  substance  in  the  three  states  of  a^regation, 
equilibrium  can  only  exist  at  a  single  temperature  and  pressure. 

Derivation  of  the  Phase  Rule.  The  following  derivation  of 
the  phase  rule  is  due  to  Nemst.  Let  us  assume  a  complete  hetero- 
geneous equilibrium  made  up  of  y  phases  of  n  components,  and  let 
ua  fix  our  attention  upon  one  single  phase.  This  phase  will  con- 
tain a  certain  amount  of  each  one  of  the  n  components,  the  con- 
centrations of  which  may  be  designated  by  Ci,  d,  d,  .  .  ,  Cn. 
Since  we  have  assumed  complete  equilibrium  to  exist,  the  slightest 
change  in  concentration,  temperature  or  pressure  will  alter  the 
Composition  of  this  phase. 
This  may  be  expressed  by  the  equation 

/  (Cl,  Ci,  Cs,   .   .   .  Cn,  p,  T)  =  0, 

where  /  is  any  function  of  the  variables.  Since  any  change  in 
one  phase  implies  a  corresponding  change  in  the  remaining  y  —  X 
I^maes,  it  follows  that  the  composition  of  all  the  phases  is  a  certain 
deterxoined  function  of  the  same  variables. 
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The  above  equation  is,  then,  of  the  form  ascribed  to  each  aepa*- 
rite  phase,  and  ^nce  there  are  y  pha^s  we  have  y  separate  equa.- 
tiona.  There  are,  however,  n  +  2  variables  in  each  equation,  so 
that  if  y  =  n  +  2,  that  is  if  we  have  two  more  phases  than  com- 
ponents, each  unknown  quantity  has  a  definite  known  value- 
In  this  case  there  is  only  one  value  for  c„  c,,  €,,  Ci,  .  ,  .  c^,  p  aatl 
T  at  which  the  sj'stem  can  be  in  equilibrium.  Hence  when  n 
components  are  present  in  n  -f  2  phases,  wo  have  equilibrium  only 
for  a  certain  temperature,  a  certain  pressure,  and  a  certiun  ratio 
of  concentrations  of  the  single  phases.  That  is,  «  -|-  2  phases  of  iv 
substances  can  only  exist  at  a  certain  point  in  a  co-ordinate 
system.  This  point  is  termed  the  transition  point.  If  one  value 
be  altered  then  one  phase  vanishes,  and  there  remain  n  +  1  phaaeB 
of  n  components,  and  the  problem  becomes  indeterminate.  Thus 
it  is  proved  that  n  components  are  necessary  in  order  tliat  a  sj^steDO 
containing  n  -|-  1  phases  may  exist  in  complete  equilibrium. 

The  phase  rule  may  be  stated  as  follows:  —  A  system  made  »p 
of  n  components  in  n  +  2  pJiaites  can  only  exist  when  pretsures 
temperature  and  concentration  have  definite  fixed  vahtes;  a  syateir* 
of  n  components  inn  -\-  1  phages  can  exist  only  so  long  as  one  of  the 
factors  varies;  and  a  syatem  of  n  components  in  n  phases  can  erirf 
only  so  long  as  two  of  the  factors  vary.  If  P  denotes  the  number  of 
phases,  C  the  number  of  components,  and  F  the  number  of  degrees 
of  freedom,  then  the  phase  rule  may  be  conveniently  summariied 
by  the  expression, 

C  -  P  +  2  =  f . 

Equilibrium  in  the  System,  Water,  Ice,  and  Vapor.  In  this 
l^ystem  we  may  have  one,  two,  or  three  phases  present,  according 
to  the  conditions.  Under  ordinarj'  circumstances  of  temper- 
ature and  pressure,  water  and  wnter  vapor  are  in  equilibrium. 
The  vapor  pressure  curve  of  water  is  represented  by  the  line  OA 
in  the  pressure-temperature  diagram  (Fig,  78).  It  is  onl>*  at 
points  on  this  curve  that  water  and  its  vapor  are  in  equilibrium. 
Thus,  if  the  pressure  be  reduced  below  that  corresponding  to  any 
point  on  OA,  all  of  the  water  will  be  vaporized;  if  on  the  other 
hand,  the  pressure  be  raised  above  the  cur\'e;  all  of  the  vapor  will 
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olthnately  condense  to  the  liquid  state.  When  the  temperature 
is  reduced  below  0**  C,  only  ice  and  vapor  are  present,  the  curve 
OC  representing  the  equilibrium  between  these  two  phases.  It  is 
to  be  observed  that  the  curve  OC  is  not  continuous  with  OA.    At 
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Fig.  78. 

the  point  0,  where  the  two  curves  intersect,  ice,  water,  and  water 
wpor  are  in  equiUbriimi.  At  this  point  ice  and  water  must  have 
the  same  vapor  pressing,  otherwise  distillation  of  vapor  from  the 
phase  having  the  higher  vapor  pressure  to  that  with  the  lower 
vapor  pressure  would  occur,  and  eventually  the  phase  having  the 
higher  vapor  pressure  would  disappear.  This  result  would  be 
n  contradiction  to  the  experimentally-determined  fact  that 
both  solid  and  liquid  phases  are  in  equilibrium  at  the  point  0. 
The  temperature  at  which  ice  and  water  are  in  equilibrium  with 
their  vapor  under  atmospheric  pressure  is  0°  C.  Since  increase 
of  pressure  lowers  the  freezing-point  of  water,  the  point  0,  repre- 
■enting  the  equilibriimi  between  ice  and  water  under  the  pressure 
of  their  own  vapor,  via.,  4.57  mm.,  must  be  a  little  above  0°  C. 
Tbe  eixact  temperature  corresponding  to  the  point  0  has  been 
^:,teiid  to  be  O.^'OOTS  C. 
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The  change  in  the  melting-point  of  ice  due  to  increasing  preeaiw 
represented  liy  the  lino  OB.  This  line  is  inclined  toward  tlic 
verticul  axis  Iwcause  t!ie  melting  point  uf  ice  is  lowered  by  id- 
creased  pressure.  The  point  O  is  cuIUhI  a  triple  point  brcftiw 
there,  and  there  only,  three  phaww  are  in  equilibrium.  \f\  is  veO 
known,  water  does  not  alwuya  freeze  exactly  at  0"  C.  If 
containing  vessel  is  perfectly  clean,  and  care  is  taken  to  cxclu 
dust,  it  is  possible  to  supercool  water  several  degrees  below 
zing-i>omt  and  measure  its  vapor  pressure. 
The  dotted  cur>-e  OA',  which  is  a  continuation  of  0.4,  reprea 
the  vaiM>r  prettsure  of  HUpercooled  water.  It  will  l:>e  noticed  ' 
(1)  there  is  no  break  in  the  vapor-pressure  curve  80  long  as  i 
ilid  phase  dooH  not  st^panite,  and  (2)  the  vapor  pressure  of  5Upf(( 
\vd  wuti'r,  which  is  an  uastable  phase,  is  greater  than  that  i 
lee,  the  stable  phase,  at  that  temperature. 

We  now  proceed  to  apply  the  phase  rule  to  this  systero.     In  1 

fonmUa,  C-P-{-2  =  F,  C=\.     It  is  evident  that  if  P 

lon  F  =  0;  or  the  system  hag  no  degree  of  freedom.     Wc  liar 

n  that  the  triple  point  0,  represents  such  a  condition.    At  th 

point  ice,  water,  and  wat<T  vapor  are  co-exietent,  and  if 

one  of  tho  vivriables,  temperature  or  pressure,  is  altered,  oat  < 

the  phases  disappears;  in  other  words,  the  system  hoi  no  do 

o(  frcedoui.    Such  a  system  is  said  to  be  non-i'urianl.     If  in 

e  fonnuhi,  P  -•  2,  then  F  »  1,  and  the  system  has  one  degn 

111,  or  is  vrtimriatit.    Any  point  on  any  one  of  the  cur%'fli1 

J  ,  or  OC  represenla  a  univariant  system.    Take,  for  exam- 

^  a  point  on  the  curve  OA.     In  this  case  the  temperature  nwy 

hrahered  without  altering  the  number  of  phases  in  (Hiuilibriuni- 

U  ^  tamperature  is  raiMf],  a  corresponding  incn^af^e  in  vapor 

^^■R  follows  aikI  the  system  wilf  adjust  itself  tx)  sooin 

^^^  B  lAiC  curve  OA.     In  like  manner,  the  pressiur  may 

causing  the  diKapfH>arance  of  one  of  the  phaset,' 

IteUxnperaturv  is  maintained  constant,  then  a  chan(E» 

^l  aaup  either  condensation  of  xvhU^t  vapor  nr 

^^■sA  crater,     lender  these  conditions  the  syiitcm 

.1.    Again,  if  P  =  I,  then  F  =  2, 

'^-.  <jT  has  two  degrees  of  freedom.    The 
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areas  included  between  tlie  curves  iu  the  t.li;igrain  are  examples 
of  bivariant  systems.  Consider  the  vapor  phase;  the  temperature 
may  be  fixed  at  any  desired  value  within  the  vapor  area  AOC, 
and  the  pressure  may  be  altered  along  a  line  parallel  to  the  vertical 
ana  without  causing  a  change  in  the  number  of  phases,  provided  /'^ 
the  curves  OA  and  OC  are  not  intersected. 

The  System,  Sulphur  (Rhombic,  Monociinic),  Liquid  and 
Vapor.  This  system  is  more  complicated  than  the  preceding 
one-component  system,  since  there  are  two  solid  phases  in  addition 
to  the  liquid  and  vapor  phases.  At  ordinary  temperatures,  rhom- 
bic sulphur  is  the  stable  modification.  When  this  is  heated 
rapidly  it  melts  at  115°  C,  but  if  it  is  m^ntained  in  the  neighbor- 
hood of  100°  C.  it  gradually  changes  into  monoclinic  sulphur 
which  melts  at  120°  C.  Monoclinic  sulphur  can  be  kept  indefin- 
itely at  100°  C.  without  undergoing  change  into  the  rhombic 
modification,  or  in  other  words  it  is  the  stable  phase  at  this  temper- 
ature. 

It  is  evident,  therefore,  that  there  must  be  a  temperature  above 
which  monoclinic  sulphur  is  the  stable  form  and  below  which 
rtiombic  sulphur  is  the  stable  modification.  This  temperature 
at  which  both  rhombic  and  monoclinic  modifications  are  in  equi- 
Ubrium  with  each  other  and  with  their  vapor,  is  termed  the 
transUion  poivi.  Its  value  has  been  determined  to  be  95°.6C. 
The  change  from  one  form  into  the  other  is  relatively  slow,  so 
that  it  is  possible  to  measure  the  vapor  pressure  of  rhombic  sul- 
phur up  to  its  melting-point,  and  that  of  monoclinic  sulphur 
below  its  transition  point.  The  vapor  pressure  of  solid  sulphur, 
although  very  small,  has  been  measured  as  low  as  50°  C. 

The  complete  pressure-temperature  diagram  for  sulphur  is 
shown  in  Fig.  79.  At  the  point  0,  rhombic  and  monoclinic  sul- 
phur are  in  equilibrium  with  sulphur  vapor,  this  being  a  triple 
point  analogous  to  the  point  0  in  Fig.  78.  The  vapor  pressure 
curves  of  rhombic  and  monoclinic  sulphur  are  represented  by  OB 
and  OA  respectively.  The  dotted  curve  OA'  which  is  a  continu- 
ation of  OA  is  the  vapor-pressiure  curve  of  monoclinic  sulphur  in 
^  a  metastabie  region.  In  like  manner  OB'  represents  the  vapor- 
preesure  curve  of  rhombic  sulphur  in  the  metastabie  condition,  B'- 
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bring  a  metastable  melting  point.  As  in  the  preasure-tempei^ 
atuxe  diagram  for  water,  the  metastable  phases  have  the  bi^er 
v8j>OT  pressures.  The  effect  of  increasing  pressure  on  the  transi- 
tion point  0,  is  represented  by  the  line  OC.    This  is  termed  a 


BhrnnUto  flnjphnr 


Temperature 
Fig.  79. 


transition  curve,  and,  since  increase  in  pressure  raises  the  transi- 
tion point,  the  line  slopes  away  from  the  vertical  axis.  The 
effect  of  increased  pressure  on  the  melting-point  of  monoclinic 
sulphur  is  shown  by  the  curve  AC. 

This  also  slopes  away  from  the  vertical  axis,  but  the  change  in 
the  melting-point  of  monoclinic  sulphur  produced  by  a  given 
change  in  pressure  being  less  than  the  corresponding  change  in  the 
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Son  point,  the  two  curves,  0€  and  AC,  intersect  at  the 
point  C.  The  point  C  corresponds  to  a  temperature  of  ISl**  C 
aad  a  pressure  of  400  atmospheres.  The  vapor-pressure  curve 
of  stable  liquid  sulphur  is  represented  by  the  curve  AD.  The 
vapor-pressure  curve  of  the  metastable  liquid  phase  is  represented 
h)'  tiie  curve  AB'  which  is  continuous  with  AD.  The  diagram  is 
completed  by  the  cun*e  B'C  which  represents  the  effect  of  pressure 
on  the  metastable  melting-point  of  rhombic  sulphur.  Mono- 
clinic  sulphur  does  not  exist  above  the  point  C;  hence  when 
liquid  sulphur  is  allowed  to  solidify  at  pressures  exceeding  400  at- 
mospheres, the  rhombic  modification  is  formed,  whereas  under 
ordinary*  pressures  the  raonoclinic  modification  appears  first. 

The  phase  rule  enables  us  to  state  the  exact  conditions  required 
for  equilibrium  in  this  system  and  to  check  the  results  of  exper- 
iment. Thus,  according  to  the  formula,  C  —  P  ~\-  2  ==  F,  since 
C  =  1,  the  system  will  be  non-variant  when  P  =  3.  Since  there 
are  four  phases  involved,  theoretically  any  three  of  these  may 
be  co-«xistent  and  four  triple  points  are  possible.  The  theoreti- 
cally-possible triple  points  are  as  follows:  — 

(1)  Rhombic  sulphur,  monoclinic  sulphur,  and  vapor  (0); 

(2)  Rhombic  sulphur,  monoclinic  sulphur,  and  liquid  (C); 

(3)  Rhombic  sulphur,  liquid,  and  vapor  {B'); 

(4)  Monoclinic  sulphur,  liquid  and  vapor  {A}. 

In  this  particular  system  all  of  the  four  possible  triple  points  can 
be  realized  experimentally.  That  this  is  the  case  is  due  to  the 
comparative  slowness  of  the  change  from  rhoinV)ic  to  monnclinic 
sulphur  above  the  triple  ptiint.  If  this  I'liaiige  were  rapid  it  is 
evident  that  all  of  the  theoretically-possible  non-variant  sj'stema 
could  not  be  realized  exp<'riuientally. 

As  in  the  case  of  water,  the  curves  in  the  diagram  represent 
univariant  sj'stems  and  the  areas  bivariant  systems.  The  student 
is  advised  to  tabulate  the  univariant  and  bivariant  systems  repre- 
sented in  the  pressure-temperature  duigram  for  sulphur. 

Two-component  Systems.  Turning  now  to  two-component 
irstems  we  are  confronted  with  a  more  <lifhcult  problem,  and  one 

ikioh  includes  many  special  cases.    Thus^  we  may  have  cases  of 
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anhydrous  naits  and  water,  hydrated  salto  and  water,  rolfttile 
solutes,  two  liquid  phases,  ooosolute  liquids,  and  solid  solutions. 
To  enter  upon  a  discussion  of  these  would  not  In*  pnjfitjiiiU',  sanw 
thej-  onl)'  serve  to  (pve  greater  emphasis  to  the  general  truth  of 
the  phase  rule.  We  shall  select  a  few  typical  two-corn poii?nt 
ayitt<fmfi  for  crmsiiK'ration  hem. 

(a)  Anhydrous  Salt  and  R'a/er.     Tn  the  pquiUbrium  (£agrUD 
of  water  (here  represented  by  dotted  lines,  Fig.  80),  we  deag- 
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nate  the  trii)lr  point  by  0.  At  this  point  ice  and  water  liave  the 
same  viipor  prt^ssurc.  Similarly,  a  solution  at  its  frees ing-poiat 
lias  the  sanie  vapor  pressure  as  the  ice  which  separates.  The 
intersection  of  the  vapor-pressure  curve  for  ice,  OB,  jind  the  vapor- 
prcssurc  cun'e  of  the  solution  of  the  anhydrous  salt,  0"A'\  deter- 
mines ft  new  triple  point  0".  Since  the  presence  of  the  dissolved 
ealt  tends  to  diminish  the  vapor  pressure  of  water,  the  curve  0"A" 
is  situated  below  the  curve*  0.4,  and  for  the  same  reason  the  triple 
point  O"  is  found  to  the  left  of  O.  If  now  we  keep  an  excess  of 
dissolved  substance  continually  present,  all  of  the  liquid  phasoe 
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which  are  formed  will  of  necessity  be  saturated  solutions.  When 
these  solutions  finally  freeze  they  will  furnish,  not  pure  ice,  but  a 
mixture  of  ice  and  solid  salt,  known  as  a  cryokydrate.  By  a 
partial  freezing  we  can  therefore  obtain  the  system:  Solid  salt, 
ice,  saturated  solution  and  vapor,  or  in  other  words,  a  system  of 
n  4-  2  phases  of  which  the  existence  is  only  possible  at  the  freez- 
ing temperature  T'  of  the  saturated  solution,  and  under  the  pres- 
sure p'  corresponding  to  the  vapor  pressure  of  ice  and  the  saturated 
solution.  These  conditions  are  represented  in  the  diagram  by 
the  quadruple  point  0'.  If  now  we  pass  from  the  point  0',  increas- 
ing the  temperature  and  pressure  as  prescribed  by  the  curve 
O'A*,  the  ice  disappears,  while  the  salt,  the  saturated  solution, 
and  the  vapor  furnish  a  series  of  3-phase  systems.  Again  start- 
ing from  the  point  (/  and  lowering  the  temperature  and  the  pres- 
sure as  indicated  by  the  curve  O'B,  the  liquid  phase  disappears, 
while  the  solid  salt,  ice,  and  vapor  constitute  another  series  of 
3-phase  systems.  This,  of  course,  is  on  the  supposition  that  the 
vapor  pressure  of  the  solid  salt  is  negligible.  Finally,  a  consider- 
able increase  in  pressure  causes  a  slight  lowering  of  the  temper- 
ature corresponding  to  the  quadruple  point,  the  conditions  being 
represented  by  the  curve  0*C'. 

All  possible  non-saturated  solutions  of  the  salt  will  be  repre- 
sented by  points  within  the  area,  AOO'A\  Thus,  let  0"A"  repre- 
sent the  vapor-pressure  curve  of  a  dilute  solution  of  the  salt  in 
water.  The  freezing-point  of  this  solution  is  represented  by  the 
point  0",  while  0"C"  represents  the  variation  of  the  freezing-point 
of  the  solution  with  pressure. 

The  following  table  summsuizes  the  pos»bilities  indicated  by 
the  phase  rule:  — 

4  phases;  salt,  ice,  saturated  solution,  vapor  (point,  0'); 

3  phases;  salt,  saturated  solution,  vapor  (curve,  O'A'); 

3  phases;  salt,  ice,  vapor  (curve,  O'B) ; 

3  phases;  salt,  ice,  saturated  solution  (curve^  O'C); 

2  phases;  salt,  saturated  solution  (area,  C'O'A'); 

2  phases;  salt,  water  vapor  (area,  BO'A'); 

2  phases;  salt,  ice  (area,  BO'C); 
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3  pbaaes;  icp,  non-saturated  solution,  vapor  (curve,  00'); 

2  phases;  non-eaturated  solution,  vapor  )  ,  tru^  a»\ 

,     .  *      *  J     I  *•  [(area,  AOcr^'); 

1  phaac;  non-saturated  solution  ) 

2  phases ;  non-^aturattKl  Holution,  ice       ) ,  cnfYC'^ 
1  phase;  non-saturated  solution                ( 

As  win  be  seen,  there  is  only  one  non-variant  point  in  the  entire 
iiiiigrain,  \\t.^  the  point  0'.  In  this  ^stem  there  are  three  degrees 
of  freedom,  sinne  in  addition  to  temperature  trad  pressure  the  con- 
centration of  the  ^solution  may  also  be  varied. 

The  pressur(--tenipcrature  diagram  (Fig.  80)  having  been  dis- 
cuKsed,  we  now  turn  to  the  concentration-temperature  diagram 
for  the  same  system,  Fig.   81.     In  this  diagram  the  abscissae 


Tcmjieraturo 

Fig.  81. 

represent  temperatures  and  the  ordinates,  concentrations.  For 
convenience,  correspond iug  points  in  Figs.  80  and  81  will  bt-  desig- 
nated by  the  same  letters.  The  equilibrium  between  ice,  water 
and  water  vapor  is  represented  by  the  point  0.     If  now  a  small 
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amount  of  anhydrous  suit  be  added  to  the  water,  the  freezing-point 
will  be  lowered  to  0".    As  the  proportion  of  salt  is  tncreajscd  the    ■ 
temperature  of  equilibrium  is  lowered  along  the  curve  00"0'.    h^l^ 
point  is  ultimately  reached  at  which  the  solution  beeoines  saturated, 
and  on  further  addition  of  salt  it  is  not  dissolved,  but  remains  ia^ 
contact  with  the  ice  uuil  saturated  soUition.     This  is  the  cry(H^ 
hydric  point,  and  reprewents  the  lowest  tt^rnpcruture  which  can  be 
obtained  in  this  particular  syst^'m.    The  diHgrani  is  completedj 
by  the  solubility  curve  of  the  salt,  0*A'.    Kach  pouit  on  th 
rurve  represents  the  concentration  of  the  saturated  solution 
all  temperatures,  from  the  critical  temperature  of  the  solution  to^ 
the  cr>'ohydric  temperature.    The  meaning  of  the  concentratifin- 
temperature  diagram  may  be  made  clearer  by  a  consideration  of 
the  behavior  of  a  solution  when  gradually  cooled.     Let  a  repre- 
Bent  a  dilute  solution  of  the  anhydrous  salt.    On  lowering  t!ie 
temperature  along  ab,  no  change  will  occur  until  the  curve  (X/^ 
is  reached;   then  ice  will  begin  to  separate  and  as  the  cooling  is™ 
contuiued,  the  composition  of  the  solution  will  change  along  00* 
until  it  reaches  the  crj'ohydric  point  0'.     Here  both  salt  and  ice 
will  separate,  and  the  solution  will  solidify  completely  at  the 
temperature  corresponding  to  the  point  0'.     In  like  manner,  if 
we  start  with  a  concentrated  solution  represented  by  the  point  c 
and  cool  along  cd  no  change  will  take  place  until  the  curve  O'A' 
is  reached;    then  solid  salt  will  separate  and  the  composition  of 
the  solution  will  alter  along  O'A'  until  the  temperature  is  reduced 
to  that  corresponding  to  the  crj'ohydric  point,  when  the  whole 
solution  will  solidify  as  in  tiie  previous  case.     This  phenomenon 
was  first  systematically  investigated  by  Guthrie  •  who  concluded 
that  such  mixtures  of  constant  composition  and  definite  melting- 
point  are  chemical  compounds,  and,  therefore,  he  proposed  to  call 
them  cr>'ohydrate8.     It  has  since  been  shown  that  cryohydrates 
are  not  definite  chemical  compounds.    Among  the  various  reasons 
which  have  Ijeen  advanced  to  prove  the  incorrectness  of  Guthrie's 
views,   the   followuig  are  the  most   cogent: — (1)  the  physical 
properties  of  a  cr>'ohydrate  are  the  mean  of  the  corresponding 
!      properties  of  the  constituents,  this  being  rarely  true  of  cliemjcal 
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compounds;  (2)  the  lack  of  homogeneity  of  a  cryohydrate  em 
be  detected  under  the  microscope;  and  (3)  ttie  constituents  are 
seldom  present  in  simple  molecular  proportions. 

Applying  the  pha^e  rule  to  the  above  two-componmt  system, 
it  is  evident  that  there  is  but  one  non-variant  system:  Uiis  is 
represented  by  the  point  0'.  When  three  phases  are  co-existeiit 
the  system  is  univariant,  when  only  two  phases  are  present  the 
system  is  bivariant,  and  finally,  when  only  one  phase  is  presoit 
the  system  acquires  three  degrees  of  freedom  or  is  trivariant 
It  b  evident  that  a  system  having  three  degrees  of  freedom  cannot 
be  completely  represented  by  a  diagram  in  a  single  plane.  It  is 
possible,  however,  to  construct  a  three-dimensional  model  which 
will  represent  the  equilibrium  very  satisfactorily.    Such  a  model  U 


Fig.  82, 

I.  Unsaturated  Solution. 
II.  Salt  and  Saturated  Solution. 

III.  Ice  and  Unsaturated  Solution. 

IV.  Ice  and  Crj-ohydrate. 
V.  Salt  and  Crj-ohydrate. 


shown  in  Fig.  82,  the  lettering  being  made  to  correspond  with 
that  of  the  two  diagrams,  Figs.  81  and  82,  from  which  it  is  derived. 


(b)  Bydraied  Salt  and  Water.    An  interesting  example  is  fur- 
nished liy  the  system  —  ferric  chloride  and  water.     This  systeraj 
has  been  very  carefully  investigated  by  Roozeboom.*    The  ron- 
centralion-tcinperature  diagram,  plotted  from  Uoozeboom's  data^l 
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is  given  in  Fig.  83.  The  frwzing-point  of  pure  water  is  repre^ 
seated  by  A,  imd  the  iuwering  of  the  fr(H>iiing"poinl  produced  by 
the  addition  of  ferric  chloride  is  indicated  by  the  cur\*c  AB.  At 
the  crj'ohydriu  tempenitnre,  —  55°  C,  \rv,  Fe/:)U«  12  HjO,  sat-^f 
urated  solution,  and  vajwr  are  in  ('(juilihrium,  and  the  system  is" 
non-variant.  On  mlding  more  ferric  chloride,  the  ice  phase  dis- 
appears, and  the  univiiriunt  system,  FeiCle  •  12  H5O,  saturated 
eolution,  and  vujwr  results.  The  equilibrium  is  represented  by  tho 
curve  BC  which  may  be  regarded  as  tlie  solubility  curve  of  the 
dodecahydrate.  On  o<mtinumg  tiie  addition  of  ferric  chloride, 
the  temperature  continues  to  rif^e  imtil  the  {mint  C  is  reached. 
Here  the  composition  of  the  solution  is  identical  with  that  of  the 
dodecahydrate,  and,  therefore,  the  teniperatun^  corresponding  to 
this  point,  37°  C,  may  1*  lotjked  upon  as  the  melting-point  of 
FesClj  •  12  HaO.  Further  addition  of  ferric  nhloritlc  will  naturally 
•  Zeit.  phys.  Chcm.,  4.  31  (1880);  10,  477  (1892). 
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lower  tbc  melting  (mint  and  the  equiiibrium  wiU  alter  along 
curve  CD.  It  in  tiaia  poonble  to  have  two  Batiiratwl  solutioas, 
one  of  which  cootams  more  water  and  the  other  leas,  than  the 
hydrate  which  'u>  in  cf^uilibrium  with  the  solution.  These  solu- 
tions are  both  siui^le  thruughout  and  arc  nuwhcre  riupersaturatcd. 
RooM'tjoom  waa  the  &nst  investigator  to  discover  a  saturated 
solution  (fmfaitiing  lew  water  than  the  ac^d  hydrate  with  which 
it  in  in  f;(|uilibnujn.  Thia  discovery  led  huu  to  define  supersatu- 
ration  oh  fullun-s:  —  ''A  solution  is  supersaturated  with  respect 
to  a  solid  phase  at  a  ^ven  tcinpi*rature  if  its  composition  is  between 
that  of  the  solid  pha^'  and  the  saturated  solution. "  At  the  point 
D  the  curve  reaches  another  minimum  which  is  analogous  to  the 
[Kiint  n,  except  that  the  heptabydrate,  FejCU  •  7  HjO,  takes  the 
place  of  ice-  Here  we  have  equilibrium  between  the  dodecahydratei 
the  iK'ptahydrate,  saturated  solution,  and  vapor,  and  the  system 
in  non-variant.  On  further  addition  of  ferric  chloride  another 
niaxiinuin  in  reached  at  K,  correspondii^  to  the  melting-point  of 
the  hepinhydrate.  In  a  similar  manner,  two  other  maxima  at 
greater  concentrations  of  ferric  chloride  reveal  the  existence  of  the 
hydrates,  Fe^CU  •  5  n,0,  and  Fe=CU  •  4  H,0. 

At  the  thrw  remaining  quadrui)le  points  the  following  phases  are 
In  equilibrium: — At  F,  FesCIo-"  HaOfFeaCU- 5  H3O,  saturated  solu- 
tion and  vapor;  at  //,  FcjCU  •  5  IIjO,  FesCle'-lHjO,  saturated 
wjUition  and  vapor;  and  at  K,  Fe3Cl6'4  HjO,  Fe^CU,  saturated 
Holulit>ii  and  vaiK>r.  The  .solubility  of  the  anhydrous  salt  is 
n-jirrm-nU^d  by  ttie  t:ur\'e  KL.  Metiustalilc  solubility  and  melting- 
point  curves  are  repri«ented  by  dtHted  lines. 

The  Htudent  should  apply  the  \^hi^sc  rule  to  this  system.  If  a 
fairly  dihitc  Holution  of  ferric  chloride  is  evaporated  at  31°  C,  the 
wat-t^r  gradually  disappears  and  a  rc^duc  of  the  dodecahydrate 
rciiudiiK.  TluH  residue  then  liquefies  and  again  dricM  down,  the 
<H)m])(iHittiin  of  the  residue  corresponding  to  the  heptahydrate: 
on  further  tttjuidiug  the  phenomenon  is  repeated,  the  final  and 
pcrniani'nt  n*Hidvic  htiving  a  comiKwition  corrcsihmding  to  the 
|X'ntahydrale.  The  clott**d  line  o/j  shows  the  isothermal  along 
which  the  composition  varies.  It  would  have  l>een  a  difficult 
matter  to  explain  the  alternations  of  moisture  and  dryness  ob- 
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served  in  this  experiment  without  the  concentratioa-teinpiTature 
diagram. 

Alloys.  Among  the  most  interesting  two-component  systems 
known  are  those  involving  mixtures  of  metals,  or  alloys.  These 
have  been  made  the  subject  of  systematic  investigations  by  num- 
ffous  experimenters  among  whom  may  bo  mentioned  Roberts- 
Austen,  Charpy,  Roozebooni,  and  Heycock  und  Neville.  We  have 
Epaoe  to  consider  only  two  comparatively-simple  ciuses. 

(a)  AUoys  of  Silver  and  Copper.  The  conditions  of  equilibrium 
in  this  binarj'  sj-stem  have  been  studied  by  Heycock  and  Neville.* 
The  two  components,  silver  and  copper,  arc  not  miscible  in  the 
solid  state  and  do  not  combine  chemically.  To  dctennine  the 
curves  of  equilibrium,  mixtures  of  the  two  metals  in  varjnng  pro- 
portions were  fused  and  then  allowed  to  cool  slowly,  the  rate  of 
cooling  being  observed  with  a  thermocouple,  one  junction  of  which 
was  maintained  at  constant  temperature,  while  the  other  junction 
was  placed  in  the  mixture  of  molten  metals.  The  terminals  of 
the  thermocouple  were  coimt'Cted  to  a  sensitive  galvanometer 
graduated  to  read  directHy  in  degrees,  and  the  rate  of  cooling 
was  followed  by  the  movement  of  the  needle  of  the  galvanometer. 
As  the  mbcture  cooled,  two  "breaks"  were  obser\'ed;  the  first  of 
these  varied  with  the  composition  of  the  mixture,  while  the  second 
remained  practically  constant  at  777°  C  When  the  temperatures 
corre^onding  to  the  first  break  are  plotted  as  ordinates  against 
the  composition  of  the  mixture  as  abscisssc,  the  diagram  shown  in 
Fig.  84  is  obtained. 

The  point  A  represents  the  freezuig-point  of  pure  silver,  B  that 
of  pure  copper,  the  curve  AO  represents  the  effect  of  the  gradual 
addition  of  copper  upon  the  freezing-point  of  silver,  and  BO  the 
eflfcct  of  silver  on  the  freezii^-point  of  copper.  The  uitersection  ' 
of  the  two  cur\'es  at  0  corresponds  to  an  alloy  contauaing  40  atomic 
per  cent  of  copper.  This  lowest  meltuig  mixture  is  known  aa 
the  eutedic  (tv  =  well,  and  n^Kttv  =  raelt)  mixture.  At  0  tho 
s>'8tem  is  non-variant,  silver,  copper,  solution  and  vapor  lieing  in 
equilibrium.  The  solid  which  separates  at  0,  having  a  more 
uniform  texture  than  that  of  all  other  mixtures  of  the  two  com- 
•  Phil.  Trans..  189,  35  (1897). 
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ponents,  is  known  as  the  eutectic  alloy.  WTien  the  composition 
of  a  mixture  of  two  metals  coiTp^s])omis  to  that  of  the  eutectic 
alloy,  the  two  metals  co'&tallize  simultaneously  in  minute  separate 


Bnluflon 


Ax+SoIuUdu 


CD-|-8a9qtloD 


A«+ETit«ctIc 


Oa-fBtrtKCic 


MaLpwocnt 
OoQcseatxtttlOB 

Fig.  84. 


cd 


crystals.  When  exjunlned  under  the  microscope  the  solid  eutectic 
ulloy  will  l>e  .seen  to  Ije  a  conglomerate  of  verj'  small  crystals, 
whereas  all  of  the  other  alloys  of  the  .same  metalH  will  Ix^  fuunil  to 
cuntain  large  crj'stals  of  either  one  or  the  other  component  cm- 
iM-ihUtl  in  the  eong!onierat(j.  ^VTiile  the  conipo-ution  of  the  eutec- 
tic alloy  in  t}ic  abuvc  system  is  fouiiil  ti>  ctirrt'sponJ  very  elosely 
U}  the  formula  AgjCui,  yet  the  nature  of  the  ecjuihbrium  curves 
proves  it  to  \yo  nothing  more  than  a  mechanical  mixture  of  the 
two  metals.  The  meaning  of  the  dif^tun  will  Ijc  clearer  from  a 
careful  consideration  of  the  phenomena  accompanying  the  cooling 
of  a  mixture  of  the  mol^u  metals. 

Take  for  example,  a  fused  mixture  relatively  rich  in  silver.    As 
the  temperature  falls,  a  point  will  ultimately  be  reached  at  which 
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pure  silver  begins  to  separate,  and  since  the  temperature  rcmiujl 
euusUnt  during  the  solidification,  a  break  occurs  in  the  coolinj 
oin-e.  This  first  break  corresponds  to  a  point  on  the  cur\'e  AO 
As  silver  continues  to  separate,  the  composition  of  the  mixturtij 
cliangcs  along  AO,  until  when  0  is  reached,  the  mucture  is  satu 
ratwJ  with  respect  to  cojjpcr,  and  both  metals  separate  as  a  con 
glomerate  having  the  same  compoisition  as  the  fusetl  mixture 
The  reparation  of  the  eutet^tic  alloy  causes  the  second  break  ii 
the  cooling  cur\"e,  the  temperature  remainii^  constant  until  the  en 
tire  miiss  has  solidified.  It  will  l>e  noticed  that  this  system  is  tin 
exact  analogue  of  the  system — imliydrous  salt  and  water ;  the  euteo 
tic  point  and  the  cr>'ohydric  (wint  representing  identic'al  conditiona 
fl>)  Alloys  of  Golfi  and  Ahitninium.  This  sjirtem  has  bed 
ptudied  by  Roberts- Austen.*  The  equilibrium  curves  in  th( 
concentration  temporxture  dlif^am,  Fig.  85,  reveal  the  existence 
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rhil.  Tro&s.  A.,  194,  201  (IQOO). 
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of  definite  compounds,  Au^Ali,  AuxAl,  iind  AuAlj,  corresponding 
to  the  points  D,  E,  and  //  respectively.  The  discon tin ui ties  at  B 
and  G  suggest  the  possibility  of  two  other  compounds,  viz.,  Au^Al 
and  AuAl.  The  diagram  shows  that  the  following  substances 
will  crj'stalUze  in  succession  from  the  molten  alloy^  these  being 
the  diflferent  solitls  with  which  the  liquid  mixture  is  saturated  in 
its  successive  stages  of  equilibrium :  — 

Curve  ABj  pure  gold  at  A ; 

Curve  BCj  AuiAl,  nearly  pure  at  B; 

Curve  CD,  Au^-Mj  or  AuaALi,  nearly  pure  at  D; 

Curve  DEF,  AujAl,  pure  at  E; 

Curve  FG,  AuAl,  maximum  undetermined; 

Curve  GHl,  AuAU,  pure  at  H; 

Curve  IJ,  Ai,  pure  at  /. 

The  points  C,  F,  and  /  represent  non-variant  s>'stems,  the  melt- 
ing points  of  the  respective  eutectic  alloys  being  527**,  569**,  and 
(>47°.  This  system  in  many  respects  resembles  the  system  —  ferric 
chloride  and  water. 

Three-componeat  Systems.  When  three  components  are  pres- 
ent, the  equilibria  become  much  more  complicated.  Applying 
the  formula,  C  —  P  •{•  2  =  F,  we  find  that  it  Is  necessary  to 
have  five  phases  co-existent  for  a  non-variant  system,  four  for  a 
univariant,  three  for  a  hivariant,  and  two  for  a  trivariant.  The 
most  satisfactory  method  of  representing  equilibria  in  three-com- 
poneat systems  is  that  in  which  use  is  made  of  the  triangular 
diagram.  The  three  comers  of  an  equilateral  triangle  ore  taken 
to  represent  the  pure  components,  and  the  composition  of  any 
mixture,  expressed  in  atomic  percentages,  is  represented  by  the 
position  of  the  center  of  mass  of  the  three  components  within 
the  triangle. 

For  example,  in  the  system,  —  potassium  nitrate,  sodium  nitrate, 

and  lead  nitrate,  carefully  investigated  by  Guthrie,*  the  three 

I       components  are  placed  at  the  comers  of  the  triangle  shown  in 


PbU.  Mftg.,  5,  17,  472  (1884). 
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Fig.  8(5.    The  melting-point  of  pure  potassium  nitrate  is  340* 
and  that  of  pure  sodium  nitrate  is  305".    The  melting-point  of 

btNoa, 


^ 


NaJrOt 


Fits-  m. 


pure  lead  nitrate  cannot  he  (ictermineti  since  the  salt  decomposes 
before  its  melting-point  is  reached.  The  cutectic  mixtures  of 
the  three  pairs  of  salts  are  represented  by  the  points  D,  E,  and  F 
respectively.  In  like  manner  0  represents  the  melting  point  of 
the  noQ-variant  sj-stem,  —  potassium  nitrate,  sodium  nitrate,  lead 
nitrate,  fused  mixture  of  the  three  salts,  and  vapor.  In  order 
t«  represent  temperature,  use  is  frequently  made  of  a  triangular 
prism  in  which  the  altitude  ia  taken  a.s  the  temperature  axis,  the 
reeulting  surface  within  the  prism  representing  the  variation  of 
the  equilibrium  with  temp<^rature.* 

PROBLEMS. 

I.  The  vapor  pressure  of  solid  NTIiHS  lit  2.'i'.l  Is  50.1  cm.  Assuming 
that  the  vapor  is  practically  w>mplctdy  dissociated  into  NHj  and  HiS, 
calculate  the  total  pressure  at  equilibrium  when  solid  NH4HS  is  allowed 

•  For  a  oornplcle  treatment  of  thrre-oomponcnt  systems  as  well  as  for  a 
rlear  prescntalion  nf  tho  jAasp  nik',  thi-  ntudtrut  fthuuld  oonsult  "The  Phase 
RuJc  and  Ita  Applications,"  by  Alexander  Findlaj'. 
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to  diflBodatc  at  25'*.!  in  a  vcHsel  contatning  ammoma  at  a  preasure  of 


32  cm. 


Afu.   59.5  cm. 


2.  In  the  partitiun  ot  acetic  acid  between  CCU  and  water,  the  con- 
centration of  the  atetic  acid  lu  the  CCli  layer  wa*  c  gram-mr^eculcs  per 
liter  and  in  the  corresponding  water  layer  w  gram^molecules  per  liter. 


0.292 

4.S7 


0.3G3 

5.42 


1.07 
9.69 


1.41 
1.07 


Acetic  acid  haa  ita  normal  molecular  weight  in  aqueous  solutions.  From 
these  figures  show  that,  at  these  concontratiouH,  the  acetic  acid  in  the 
carbon  tetrachloride  solution  exists  as  double  molecules. 

3.  Acetic  acid  diHtriljuteH  itst^lf  tx^tween  water  and  iKnecne  in  such  a 
manner  that  in  a  definite  I'olume  of  water  there  are  0.245  and  0.314  gnm 
of  the  acid,  while  in  an  equal  volume  of  benzene  there  are  0.043  and 
0.071  gnun.  What  is  the  molecular  weight  of  acetic  actd  in  benzene, 
a.«!fiuming  it  to  be  normal  in  water?  Ana.    121.3- 

4.  The  salt  Na,fclP04.12  H^O  has  a  vapor  pressure  at  15"  of  8.84  mm., 
and  at  H^.S  of  10.53  nun.  Calculate  the  heat  of  vaporization,  i.e.,  the 
thermal  change  durmg  the  loss  of  1  mol  of  water  of  cryKtalUzation  by 
evaporation.  Ans.   — 12,651  cal. 

5.  The  solubility  of  boric  acid  in  water  is  3S.45  grams  per  liter  at  13*^, 
ad  49.09  grams  per  liter  at  20°.    Calculate  the  heat  of  solution  of  boric 

I  per  mol.  Am.  —  5.822  cal. 

6.  Plot  the  pressure-temperature  diagram  for  calcium  carbonate  from 
the  table  given  on  p.  280,  and  apply  the  phase  rule. 

7.  Is  it  possible  to  decide  by  the  phase  rule  whether  the  cutectic  alloy 
is  a  mixture  or  a  cumpound? 


I 


CHAPTER   XVII. 

CHEMICAL  KINETICS. 

Velocity  of  Reaction.    In  the  two  preceding  chapters  we  have 
considered  the  equilibrium  which  is  established  when  the  speeds 
of  the  direct  and  reverse  reactions  have  become  equal.     We  now 
proceed  to  consider  the  velocity  of  individual  reactions.    By  far 
the  greater  number  of  the  reactions  between  inoi^anic  substances 
proceed  with  such  rapidity  that  it  is  impossible  to  measure  their 
velocities.    Thus,  when  an  acid  is  neutralized  by  a  base,  the  indi- 
cator changes  color  almost  instantly.    There  are  a  few  well- 
known  reactions  which  are  exceptions  to  this  rule;   amoi^  these 
may  be  mentioned  the  oxidation  of  sulphiu*  dioxide  and  the  de- 
composition of  hydrogen  peroxide.    Both  of  these  reactions  are 
well  adapted  to  kinetic  experiments.     In  organic  chemistry,  on 
the  other  hand,  slow  reactions  are  the  rule  rather  than  the  excep- 
tion.   Thus  the  reaction  between  an  alcohol  and  an  acid  forming 
an  eater  and  water,  proceeds  very  slowly  under  ordinary  condi- 
tions and  the  progress  of  the  reaction  may  be  easily  followed: 
By  means  of  the  law  of  mass  action  it  is  possible  to  derive  equations 
expressing  the  velocity  of  a  reaction  at  any  moment  in  terms  of 
the  concentrations  of  the  reacting  substances  present  at  that  time. 
Let  the  equation 

Ai  +  A^^Ai'  +  Ai' 

represent  a  reversible  reaction  and  let  a,  6,  c,  and  d  be  the  respec- 
tive initial  concentrations  of  the  reacting  substances  Ai,  At,  Ai, 
and  At.    The  velocity  of  the  direct  reaction  will  then  be 

^  =  ft  (a  -  a:)  (6  -  x),  (1) 

where  k  is  the  velocity  constant,  and  dx  is  the  infinitely  small 
increaae  in  the  amount  of  x  during  the  infinitely  small  interval 
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of  time  dt.   Similarly  the  velocity  of  the  reverse  reaction  will 
be 


^-ifc.  (c  +  «)  (d  +  x). 


(2) 


It  18  evident  that  the  substances  on  the  right-hand  side  of  the  equa- 
tion will  exert  an  ever-increasing  influence  upon  the  velocity  of 
the  iliret't  reaction,  which  must  accordingly  decrease.  When, 
however,  the  velocities  of  the  direct  and  reverse  reactions  become 
equal,  equilibrium  will  Ix^  established,  and  the  ratio  of  the  amounts 
of  the  reacting  substances  on  the  two  sides  of  the  equation  will 
remain  constant.  The  total  velocity  due  to  these  opposing  rcao- 
tjons  will  be 

ax    ..    ^     ..      ...      .     .,..,...    ^, 


li  -^-^  =  *^<«-^)(''-^)-*»('=  +  ^) (**  +  «) 


dX 


and  at  equilibrimu,  when  -jt  —  0, 


fc  (a  -  x)  (6  -  x)  =  it,  (c  +  x)  (d  +  x). 


or 


(c-|-x)(d-hx) 


(a  -  x)  (6  -  x) 

This  equation  has  been  thoroughly  tested  in  the  two  preceding 
chapters.    Thus,  iu  the  reaction 

CHfiOH  +  CH,COOH  ^  CHjCOOCiHb  +  HA 

Ke  has  been  shown  to  have  the  value,  2.84,  at  ordinary  temper- 
atures. The  velocity  constants  of  the  direct  and  reverse  reactions 
have  also  been  determined,  the  values  being,  k  =  0.000238  and 
ki  =  O.UOOSlo.     When  these  values  are  substituted  in  the  equa- 

k 

tioa,  T-  =  Kc,  we  obtain  Ke  =  2.92,  a  value  which  agrees  well 

with  that  found  by  direct  experiment.    The  application  of  equa- 
tion (3)  is  much  simplified  by  the  fact  that  most  reactions  proceed 
Ik        nearly  to  completion  in  one  direction,  so  that  the  term  ki  (c  +  i) 


^  =  t  (a  -  x)  (6  -  x), 


(4) 


(5) 


an  equation  expressing  the  velocity  of  the  direct  reAction  in  terins 
of  the  concentrations  of  the  reacting  substances. 

Uoimolecular  Reactions.  The  simplest  type  of  chemical 
reaction  is  that  in  which  only  one  substance  undergoes  change 
and  in  which  the  velocity  of  the  reverse  reaction  is  negligible.  The 
decomposition  of  hydrogen  peroxide  is  an  example  of  such  a  reac- 
tion. In  the  presence  of  a  catalyst,  such  as  certain  unoi^anized 
ferments  or  collodiat  platinum,  hydrogen  peroxide  decomposes 
as  represented  by  the  equation » 

2HaO,r±2HiO  +  0,. 

This  reaction  is  usually  allowed  to  take  place  in  dilute  aqueous 
solution  su  that  there  is  no  appreciable  alteration  in  the  amount 
of  solvent  throughout  the  entire  course  of  the  reaction.  Further- 
more, the  activity  of  the  catalyst  remains  constant  so  that  the 
course  of  the  reaction  Is  wholly  dctemiined  by  the  concentration 
of  the  hydrogen  peroxide.  A  very  satisfactor>'  catalyst  is  htemase, 
an  enzyme  derived  from  blood.  The  concentration  of  hydrogen 
peroxide  present  at  any  time  during  the  reaction  can  be  deter- 
mined very  simply  by  removing  a  definite  portion  of  the  reaction 
mixture,  adding  an  excess  of  sulphuric  acid  to  destroy  the  activity 
of  the  hiemase,  and  then  titrating  ^sith  a  standard  solution  of 
potassimn  penuanganate. 

The  following  tabie  gives  the  results  of  such  an  experiment:  — 


t  (miaat«). 

d  —  J, 

ce.  KMbO|. 

I, 
eo.  KM11O4. 

k 

0 

S 

to 

30 
30 
50 

46.1 
37,1 

20  S 
19.0 
12  3 
5.0 

0 

9,0 
16,3 
26  5 
33  8 
41.1 

0.0436 
0,043S 
0.0429 
0.0440 
0,0444 
Mean    0.0437 

The  second  column  of  the  table  gives  the  number  of  cubic 
crntinieters  of  the  potassium  permanganate  solution  rcijuired  to 
oxidize  25  cc.  of  the  reaction  mixture  when  the  time  intervals 
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recorded  in  the  first  column  have  elapsed  after  the  introduction 
of  ttie  catalyst.  Since  the  numbers  in  the  second  coluuin  repre- 
sent the  actual  concentration  of  hydrogen  peroxide  present  at 
the  end  of  the  successive  intcr\'als  of  time,  it  is  evident  that  the 
difference  between  these  numbers  and  46.1  cc. — the  initial 
concentration  of  hydrogen  peroxide  —  will  give  the  amounts  of 
peroxide  decomposed  in  those  intervals.  These  numbers  are 
recorded  in  the  third  column  of  the  table.  It  will  be  seen  that 
as  the  concentration  of  the  hydrogen  peroxide  decreases  the  rate 
of  the  reaction  diminishes.  Thus,  in  the  first  interval  of  10  min- 
utes, an  amount  of  hydrogen  peroxide  corresponding  to  46.1  — 
29.8  =  16.3  cc.  of  potassium  permanganate  is  decomposed,  while 
in  the  second  interval  of  10  minutes,  the  amount  of  hydrogen 
peroxide  decomposed  is  equivalent  to  29.8  —  19.6  =  10.2  cc.  of 
potassium  permanganate.  Since  only  a  single  substance  is  under- 
going change,  equation  (5)  simplifies  to  the  following  form:  — 


4 


It  is  impossible  to  apply  the  equation  in  this  form,  since  in  order 
to  obtain  accurate  titrations,  dt  must  be  taken  fairly  large  and 
during  this  interval  of  time  a  —x  would  have  diminished.  Approx- 
imate values  of  k  may  Ije  obtained  by  taking  the  average  value 
of  a  —  z  during  the  interval  di  within  which  an  amount  dx  of  hydro- 
gen peroxide  is  being  decomposed.  For  example,  let  us  take  the 
interval  between  5  and  10  minutes;  dx  =  16.3  —  9.0  =  7.3 
dt  =  5  min.,  Eind  the  average  value  of  a  —  a:  is 

37.1+29.8      _  .. 
jz ■=  33.45  cc. 


Substituting  in  the  equation 

dx 

we  have 


fc  (a  —  x), 


k  =  0.0436. 
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Similarly  taking  the  next  interval  between  10  and  20  minutes; 
dx  «  26.5  —  16.3  —  10,2  cc,  dt  ^  10  minutes,  and  the  average 

value  of  a  —  x  is  — '■ — ^ —  =  24,7  cc.    Substituting   in  the 

equation  as  before,  we  obt^ 

and 

k  =  0.0413. 

As  will  be  seen  these  two  values  of  k  are  not  in  good  agreement, 
although  the  first  value  of  k  agrees  closely  with  the  mean  value 
of  k  given  in  the  fourth  column  of  the  table. 
In  order  to  apply  the  equation 

it  must  be  integrated.* 

The  integration  of  this  equation  may  be  performed  as  follows:  — 

dx      J  .  V 

^  =  A:  (a  -  x), 

therefore 

a  —  X 
Integrating,  we  have 

/  — ^ j  kdt  —  constant  =  C, 

therefore 

—  log,  (a  —  x)  —  ft<  -  C. 

In  order  to  determine  C,  the  constant  of  integration,  we  make 
use  of  the  experimental  fact  that  when  (  =  0,  x  =  0,  Substitut- 
ing these  values,  we  have 

—  log«  a  =  C. 
Consequently 

log,  a  —  log,  (a  —  x)  =  ktf 
or 

*  The  student  who  is  unfamiliiu'  with  the  Calculus  must  take  the  result 
of  this  calculation  for  granted. 
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Paamng  to  Briggsian  logarithms,  we  obtain 

0.4343  Jfc. 


_  log 1 


By  substituting  in  this  equation  the  corresponding  values  of  a, 
a — Xj  and  t  from  the  preceding  table,  the  values  of  Jb  given  in  the 
fourth  column  of  the  table  are  obtained. 
The  equation 

may  also  be  thrown  into  an  exponential  form,  as  follows:  — 
Since 


f'^s-J^-*' 


we  may  write, 

or 

and 


a  —  X 


~H=  logs 

u 

a  —  x  =  oc"*', 
a;  =  a  (1  -  €-*'). 


In  this  equation  k  may  be  regarded  as  the  fraction  of  the  total 
amount  of  substance  decomposing  in  the  unit  of  time,  provided 
this  unit  is  so  small  that  the  quEintity  at  the  end  of  the  time  unit 
is  only  slightly  different  from  that  at  the  beginnii^.  The  time 
required  for  one-half  of  the  substance  to  change,  is  known  as  the 
period  of  half-change,  7",  and  may  be  calculated  from  k  by  means 
of  the  equation 

log  2  «  0.4343  kT, 
therefore 


or 


r  =  0.6943r» 
k 


r  =  1.443  r. 
k 


Reactions  in  which  only  one  mol  of  a  single  substance  undergoes 
change  are  known  as  unimoUcular  reaction8j  or  readiona  qf  the 
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I  order.    In  a  unimolecular  reaction,  Ihp  velocity  constant  k, 

k'a  iDd^>endent  of  the  units  in  which  concentration  is  expressed. 
If,  in  the  integrated  equation 

t  becomes  infinite,  then  x  =  a.  In  other  words,  for  finite  values 
dt,  X  must  atwa^'s  remain  less  than  a  and  the  reaction  will  never 
proceed  to  completion. 

Another  unimoleculor  reaction  which  haa  been  thoroughly  _ 
investigated,  is  the  h}'droiysis  of  cane  sugar.  When  cane  <4ugar  I 
is  dissolved  in  water  contaiuiiig  a  small  amount  of  free  acid  it  is 
slowly  transformed  into  d-glucose  and  d-fructose.  The  velocity 
of  the  reaction  is  very  small  and  is  dependent  upon  the  strength 
<rf  the  acid  added.  The  progress  of  the  reaction  may  be  verj'  easily 
followed  by  means  of  the  polarimeter.  Cane  sugar  itself  is  dex- 
tro-rotatory, while  d-fructose  rotates  the  plane  of  polarization 
more  strongly  to  the  left  than  d-glucosc  rotates  it  to  the  right. 
Tlicrefore,  as  the  hydrcSysia  proceeds,  the  angle  of  rotation  to  the 
ri^t  steadily  diminishes  imtil,  when  the  reaction  is  complete,  the 
plane  of  polarization  will  be  found  to  be  rotated  to  the  left.  On 
this  account  the  hydrolysis  of  cane  sugar  is  commonly  termed 
invernon  and  the  molecular  mixture  of  d-fructose  and  d^lucoae 
constituting  the  product  of  the  reaction  is  called  invert  sugar. 
Let  cm  denote  the  initial  angle  of  rotation,  at  the  time  t  =  0, 
due  to  a  mola  of  cane  sugar,  let  oa  denote  the  angle  of  rotation 
when  inversion  Is  complete  and  let  a  be  the  angle  of  rotation  at 
any  time  (;  then  since  rotation  of  the  plane  of  polarization  is  pro- 
portional to  the  concentration  x,  the  amount  of  cane  sugar  in- 
verted, will  be 

Oo  —  ot 

00  + Ob 
In  the  equation 

CitHaaOii  +  HaOi^  C»HisOb  -1-C»HiiO«, 

j^rcsenting  the  inversion  of  cane  sugar,  the  velocity  of  the 
■ibction  will  be,  according  to  the  law  of  mass  action,  proportional 
to  the  molecular  concentrations  of  the  cane  sugar  and  the  water. 
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Since  the  reaction  takes  place  in  the  presence  of  such  a  large  excees 
of  water,  ita  effect  may  be  considered  to  be  constant.  Tta^ 
velocity  of  the  reaction  is  then  proportional  to  the  active  inasa 
of  the  sugar  alone,  or  in  other  words  the  reaction  is  unimoleculax'- 
In  the  differential  equation  expressing  the  velocity  of  a  uniraolec:^- 

ular  reaction, 

dx 


we  have 


I     "*a  —  I 


I 


and  since  a  and  x  are  measured  in  terms  of  angles  of  rotation  o^ 
the  plane  of  polarization,  we  have 

t  a  -f-  at, 

The  following  table  gives  the  results  obtained  with  a  20  per  cent> 
solution  of  cnne  sugar  in  tbe  presence  of  0-5  inoljir  solution  of  lactic? 
acid  at  25*"  C. 


1  (rniiuil«i). 

tt 

ft 

0 

34*.a 

I.43d 

3r.i 

Q234S 

4.3E5 

25"  0 

0.3359 

7.070 

20M6 

0.2343 

UMm 

13^fl8 

0.2310 

14.170 

lOVOI 

0.2301 

16.935 

7*57 

0.2316 

19.8I5 

5^os 

0.2901 

29.925 

-  r  65 

0.2330 

iDf. 

-10*77 

Bimolecular  Reactions.  When  two  substances  react  and  the 
concentration  of  each  changes,  the  reaction  is  bimdectdar  or  of 
the  second  order.  Let  a  and  b  represent  the  initial  molar  con- 
centrations of  the  two  reacting  sul^stances  and  let  x  denote  the 
amount  transformed  in  the  inter\'al  of  time  (;  then  the  velocity 
of  the  reaction  will  be  expressc^d  by  the  equation 

-^  =  kia-  x){b-  x). 
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Hie  simplest  case  is  that  in  which  the  two  substances  are  present 
in  equivalent  amounts.  Under  these  conditions  the  velocity 
equation  becomes 

|  =  *(a-x)«. 
This  equation  may  be  integrated  as  follows:  —  * 

fc  («,  -  o  =  f-J-]"  ^  — '^-/'^     , 

Lo-xJ^,      {a-Xi)ia-Xi) 

ft  =s_L_.         (gj  -  gi) 

((j  —  ti)     (a  -  Xi)  (a  -  Xa) ' 

lUime  be  reckoned  from  the  beginning  of  the  reaction,  then  Xi  =  0 
and  t  =  0,  and  we  have 


therefore 


or 


t     a  (a  —  x) 

If  the  reacting  substances  are  not  present  in  equivalent  amounts 
then  the  velocity  equation  becomes 

•^  =  k(a-x){b-  x). 

Assuming  that  time  is  measured  from  the  beginning  of  the  reaction, 
the  integration  of  this  equation  may  be  performed  as  follows:  — 

Jo  Jo   (a  -  x){h  —  x)' 

Decomposing  into  partial  fractions, 

fci  =_L_r  P  dx    _  p    dx  I 
o  —  6 1_ Jo  b  —  X     Jo  a  —  ij' 

*  The  student  who  is  unfamiliar  with  the  Calculus  must  take  the  resulta 
of  these  calculations  for  granted. 


;L*:re;ore 


or 


Or  paanng  to  Briggsum  logarithms, 

0.4343*  =  ^^^  log  ^^^. 

The  value  of  X;  in  a  bimotecular  reaction  is  not  ind^)endent  of 
the  units  in  which  the  concentration  is  expressed,  as  is  the  cass 
with  a  unimolecular  reaction.  Suppose  that  a  unit  1/nth  of 
that  originally  selected  is  used  to  express  concentraUon,  Uieaa  ths 
'value  cik'm  the  equation 


becomes 


fc_l  X 

K  —  7-7 r  r 

i  a{a  —  x) 


if   1 


t    na-n{a  —  x)      t    na{a  —  x) 


Thus,  the  value  of  k  varies  inversely  as  the  numbers  expressing 
the  concentrations. 

Ah  an  illustration  of  a  bimolecular  reaction  we  may  take  the 
hydrolysis  of  an  ester  by  an  alkali.    The  reaction 

CHjCOOCsHb  +  NaOH  ^  CHaCOONa  +  CHeOH. 

lias  Ixjen  studied  Ijy  Warder,*  Reicher,t  Arrhenius,  {  OstwaldJ 
and  others.  Arrhenius  employed  in  his  experiments  0.02  molar 
Hohitions  of  ester  iind  alkali.  These  solutions  were  placed  in 
Heparat<!  flasks  and  warmed  to  25°  C.  in  a  thermostat  maintained 
at  that  tetiiporuture;  equal  volumes  were  then  mixed,  and  at 
frequent  intervals  a  portion  of  the  reaction  mixture  was  removed 

•  Berichte,  14,  1361  (1881). 

t  Lieb.  Ann.,  338,  257  (1885). 

X  Zoit.  phys.  Chem.,  i,  110  (1887). 

%  Jour,  prakt.  Chem.,  35,  112  (1887). 
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ami  titrated   rapidly  with   standard  acid.     The  accompanying 
table  contains  some  of  the  results  obtained:  — 


( (miDBlw). 

■— « 

t 

0 

8.04 

4 

6.30 

O.OIOO 

6 

4.58 

0.0IG6 

8 

3.91 

0.0164 

10 

3,51 

o.oieo 

12 

3.12 

0.0162 

Mean  0.0160 

The  numbers  in  the  second  column  of  the  tabic  represent  the 
Concentrations  of  sodium  hydroxide  and  of  ethyl  acetate,  expressed 
in  terms  of  the  number  of  cubic  centimeters  uf  standard  acid 
rwiuired  to  neutralize  10  cc.  of  the  reaction  mixture.  Owing  to 
the  high  velocity  of  the  reaction  it  is  difficult  to  avoid  large  experi- 
bjcntal  errors,  nevertheless  the  values  of  A-  given  in  the  third  column 
of  the  table  will  be  observed  to  diflfer  very  slightly  from  the  mean 
value. 

Reicher  investigated  the  same  reaction  when  the  reacting  sub- 
stances were  not  present  in  equivalent  proportions.  In  this  caae, 
the  progress  of  the  reaction  was  followed  by  titrating  definite 
portions  of  the  reaction  mixture  from  time  to  time,  the  excess  of 
sodium  hydroxide  being  determined  by  titrating  a  portion  of 
the  mixture  at  the  expiration  of  twenty-four  hours,  when  the 
ester  was  completely  hydrolyzed.  His  results  are  ^ven  in  the 
following  table:  — 


1  (miBuUfl). 

a—r 

(Alkali), 

(Mtar). 

k 

0 

4.89 
11.36 
29.18 

Inf. 

61.95 
60  59 
42  40 
29.35 

i4.a2 

47.03 
35.67 
27.48 
14, 411 
0 

0  (»n093 
O.IXXWl 
0.00092 
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Rf'ichcr  also  studied  the  effect  of  different  bases  upoD  the  ve- 
locity of  the  reaction.  He  found  for  strong  bases  approximately 
equal  values  of  k,  but  for  weak  bases  the  values  were  irrtgiiliir 
and  smaller  thnn  those  obtained  with  the  more  ooniplet^ly  iowwd 
bases.  Arrhenias  pointed  out  that  the  hydrolyaing  power  ol  n 
base  is  proportional  to  the  number  of  hydroxyl  iims  whicb  it 
>*ields.  Writing  the  equation  for  the  above  hydrolysis  in  tcniia  irf 
ioas,  we  have 

CHiCOOCiHi  +  Nft*  -h  OH'  ^  CH,COO'  +  Na*  +  QtHiOH. 

It  is  evident  from  this  equation  that  all  baws  furnishing  the  same 
number  of  hydrox>l  ions  should  give  identical  v^ues  of  it.  Wf 
may,  tlierefore,  modify  the  fundamental  diffen^ntial  equation  « 
follows:  — 

dx 

•^  «=  k'a  (a  -x){b-  »), 

where  a  is  the  degree  of  ionization  of  the  base. 

Trimolecuiar  Reactions.  When  ef4uivalent  quantities  of  tluee 
substances  react,  the  reaction  is  trimolwular  ur  of  the  third  order. 
If  tlie  initial  molar  concentriitioas  of  the  reacting  substances  are 
denoted  by  u,  6,  and  c,  and  if  x  denotes  the  proportitm  of  each 
whicb  is  transformed  in  the  interval  of  time  t,  tlie  velocity  uf  the 
reaction  will  l>e  represented  by  the  difTerentitil  equation 

^^kia-x)(b-xHc-r). 

If  the  substances  are  present  in  equivalent  amounts,  the  equation 
becomes 

f-*(a-x)., 

an  expression  which  is  much  loss  difficult  to  integrate. 
The  integration  of  this  equation  may  be  performed  as  foUowis.* 


^'^> 


Jo  Jo  (a-xy 


*  The  studeot  whu  b  UDfaniiliur  wittj  the  Calciilus  must  toko  the  foultl 
of  these  calculatioiu  for  grautod. 
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thendore 


hence 


H 

1 

2 

1 

"2 

lia-xyi' 

'      1 

.(a  -  xy 

1" 
a-_ 

k 

_  1 

X  (2  a- 

^. 

<    2oM«-a:)» 

When  the  reacting  substances  are  not  taken  in  equivalent  amounts^ 
the  int^ration  of  the  velocity  equation  may  be  performed  as 
follows:  — 


therefore 


^^k{a-x){b-x){c~  x), 


kdi  = 


dx 


{a  —  x){b  —  x)  (c  —  x) 

Decomposing  into  partial  fractions, 
1 


^  +A.+  "^ 


(a  —  x)  (6  —  x)  (c  —  x)      a  —  X      b  —  x     c  —  x 
Multiplying  through  by  (a  —  x),  we  obtain 
1 


=  A  +  (a  -  x) 


b  —  X      c  —  X 


(6  -  x)  (c  -  x) 
Let  X  =  a,  then 

(a  -  6)  (c  -  a) 
Similarly,  multiplying  by  (6  —  x)  and  (c  —  x),  and  then  placing 
X  =  b,  and  x  -  c,  we  have 


and 


B  =  - 
C  =  - 


1 

(a -6)   (6-c)' 

1 


ib  -c){c-  a) 
Then  we  obtain  by  substitution 

J^' ^ ^ 1  f'    dx 

0   (a  —  x)  (6  —  x)  (c  —  x)        ]  (a  —  6)  (c  —  a)  ,/o  a  —  x 

1  p    dx 1  r'    dx 

~  b)  {b  —  c)  Jo  b  —  X      (6  —  c)  (c  —  a)  Jo  c  —  x 


(a 


(a  -  6)  (6  -  c)  {c  -  a) 

In  u  trimolecular  reaction,  fc  is  inversely  proportional  to  the  square 
of  the  ori^nal  concentration. 

A  typical  trimolecular  reaction  is  that  between  ferric  and 
stannous  chlorides.  This  reaction,  represented  by  the  following 
equation 

2  FeCU  +  SnCU  *=i  2  FeCU  +  SnCI*, 

has  been  investigated  by  A.  A.  Noyes.*  Dilute  solutions  of  the 
reacting  substances  were  mixed  at  constant  temperature,  and 
definite  portions  of  the  reaction  mixture  were  removed  at  meas- 
ured intervals  of  time  and  titrated  for  ferrous  iron.  Before 
titrating  with  a  standard  solution  of  potassium  permanganate  it 
was  ncccssarj'  to  decompose  the  stannous  chloride  present  with 
mercuric  chloride.  The  following  table  gives  the  results  obtained 
with  0.025  molar  solutions  of  ferric  chloride  and  stannous  chloride. 


I  (minulca). 

0— J 

I 

k 

2.5 

0,02149 

0.00351 

113 

'S 

0.02112 

0.0038S 

107 

0 

0  01S37 

0.00683 

114 

11 

O.015M 

O.OOMQ 

116 

15 

o.oi;if>4 

o,oiioa 

118 

18 

o,oi3i;i 

0,01187 

117 

30 

0,01060 

0  01440 

122 

60 

0,00784 

0.01710 

122 
Mean  116 

4 


Noyes  also  found  that  th<^  velocity  of  the  reaction  is  accelerated 
more  by  an  excess  of  ferric  chloride  than  by  an  equal  excesm  of 
stannous  chloride. 

*  Zeit.  pbys.  Chcm.,  i6,  54G  (1895). 


Reactions  of  Higher  Orders.  Reactions  of  the  fourth,  fifth 
aud  eighth  orders  have  recently  been  investigated,  but  examples 
of  reactions  of  orders  higher  than  the  third  are  extremely  rare. 
This  fact  is  at  first  sight  surprising  since  the  equations  of  many 
chemical  reactions  involve  a  lar^  number  of  molecules,  and  we 
would  naturally  expect  the  order  of  such  reactions  to  be  corre-j 
spondingly  high.     For  example,  the  reaction  represented  by  the  ] 

equation,  2  PHj  +  4  Oi  =  PjOt  +  3  HjO, 

involves  six  molecules  of  the  substances  initially  present  and, 
therefore,  we  should  infer  it  to  be  a  reaction  of  the  sixth  order. 

Kinetic  experiments  by  van  der  Stadt  have  shown  it  to  lie  a 
bimolecular  reaction,  the  velocity  of  reaction  being  proportiomd 
to  the  concentrations  of  the  phosphine  and  the  oxygen.  On 
allowing  the  gases  to  mix  slowly  liy  diffusion,  it  was  discovered 
that  the  reaction  actually  tukes  phw^e  in  several  successive  stages, 
the  first  stage  being  repreiiBnte<l  by  the  equation  of  the  biinolet> 
ular  reaction  PH,  +  0,  =  HPO.  +  H.. 

The  sulise^iuent  changes,  involving  the  oxidation  of  the  products 
of  this  reaction,  take  place  with  great  rapidity.  It  is  highly 
probable  that  the  equations  which  are  ordinarily  employed  to 
represent  chemical  reactions  really  represent  only  the  initial  and 
final  stages  of  a  scries  of  relatively  simple  reactions.  Liinnor  * 
has  shown  that  when  chemical  reactions  are  considered  from  the 
molecular  standpoint^  the  bimolecular  reaction  is  the  most  prob- 
able. He  says,  "  Imagine  a  substance,  say  gaseous  for  simplicity, 
formed  by  the  immediate  spontaneous  combination  of  three  gas- 
eous components  A,  B,  and  C  When  these  gases  are  mixed,  the 
chances  arc  very  remote  of  the  occurrence  of  the  simultaneous 
triple  encounter  of  an  i4,  a  B,  and  a  C,  which  would  be  necessary 
to  the  immediate  formation  of  an  ABC;  whereas  if  ever  formed, 
it  would  be  liable  to  the  normal  chiuice  of  dissociating  by  collisions; 
it  would  thus  be  practically  non-existent  in  the  statistical  sense. 
But  if  an  intermediate  combination  AB  could  exist,  very  tran- 
siently, though  long  enough  to  cover  a  considerable  fraction  of  the 
•  Proc.  Mancheater  Phil.  Soc.,  1908. 
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mean  free  path  of  the  molecules,  this  will  readily  be  form^  by 
ordinary  binary  encounters  of  A  and  B,  and  another  binary 
encounter  of  AB  with  C  will  now  form  the  triple  compound  ABC 
in  quantity." 

Determination  of  the  Order  of  a  Reaction.  It  has  been 
shown  in  tlie  foregoing  pages  that  the  time  required  to  cc^tiplete 
a  certain  fraction  of  a  reaction  is  dependent  upon  the  order  of 
the  reaction  In  the  following  manner:  — 

(1)  In  a  unimolccular  reaction  the  value  of  A;  is  independent  of 
the  initial  concentration; 

(2)  In  a  bimolecular  reaction  the  value  of  k  is  inversely  pro- 
portional to  the  initial  concentration; 

(3)  In  a  trimolecular  reaction  the  value  of  k  is  inversely  pro- 
portional to  the  square  of  the  initial  concentration. 

Hence,  in  general,  in  a  reaction  of  the  nth.  order,  the  value  of 
k  is  inversely  proportional  to  the  (n  —  1)  power  of  the  initial  con- 
centration. If  the  value  of  k  is  detennined  with  definite  concen- 
trations of  the  reacting  substances,  and  then  with  multiples  of 
those  concentrations,  the  order  of  the  reaction  can  be  determined 
according  to  the  above  rules  by  obser\-ing  the  manner  in  which  k 
varies  with  the  concentration. 

The  order  of  a  reaction  may  also  be  readily  determined  by  means 
of  a  graphic  method.  Tlius,  to  detennine  the  order  of  a  reaction 
we  ascertain  by  actual  triai  whicli  one  of  the  following  expressions, 
in  which  C  dejiotes  concentration,  will  give  a  straight  line  when 
pIotte<l  against  times  as  abscissce:  — 

(1)  log  C  —  reaction  unimolecular; 

(2)  l/C  — reaction  bimolecular; 

(3)  l/C* ^reaction  trimolecular; 

(4)  l/C*  —  reaction  n  4-  1  molecular. 

Complex  Reaction  Velocities.  Thus  far  we  have  consider 
the  velocity  of  reactions  which  are  practically  complete.  There 
are  numerous  cases,  however,  in  which  the  course  of  the  reaction 
is  complicated  by  such  disturbing  factors  as  (I)  counter  reaciions, 
(2)  side  readions,  and  (3)  consecutive  reactions.  Theae  disturb- 
ing causes  will  now  be  considered. 
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(1)  Counter  Reactions.     In  the  chemical  change  represented  by 
the  equation 

CHjCOOH  +  CH5OH  ^  CH,COOCH»  +  HjO, 

the  speed  of  the  direct  reaction  steadily  diminishes  owing  to  the 
ever-increasing  effect  of  the  reverse  or  counter  reaction.  Ulti- 
mately, when  two-thirds  of  the  acid  and  alcohol  are  decorniKMH^J, 
the  velocities  of  the  two  reactions  become  equal  and  a  condition 
of  equilibrium  results.  Starting  with  1  mol  of  acid  and  1  riioi 
of  alcohol,, and  letting  x  represent  the  amount  of  ester  formed, 
we  have 

^  =  Jfc(l-a:)«-Jf2». 
When  equilibrium  is  attained, 

By  observing  the  change  f «'  any  time  t^  we  have 
*-f  =  r;Iog,< 


4f-^2-3z 

Havii«  the  nfam  oi  k.k"  and  k  -  t,  th«:  velocity  erjartant  k 
ai  the  danei  reacOoD  can  be  deunnuMd.  TYi^  valtK  '4  k  v> 
obtained  ik>s  been  sfaown  by  KnoUaucrb  *  Uj  vnry  m  xt^jn^  r*^f>- 
tioiB  where  the  coouiEtnctkn  of  Uk  LydrrjiEMi  wo  izjkittp^ 

2,  Side  BiaeHemi.     ^'ben  xk^  ahzaf.  >!>iijsslAax^  ar^  *a^a^  *A 
r^^etmg  in  nnort  ttan  «ife  way  whc.  \tJ:  i'xzz^^wx^  *A  «ii5*r^!tja 

beauo^  aod  <E>jrtrjfr  =:Ay  r»ar".  bi  tTo  *iy*  **  *o-m.  :jy  tc* 

I    C,H,-C.:  =  CtH/,T-HO_ 

aad 
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(3)  Consecutive  Reactions.  By  consecutive  reactions  we  under- 
stand thos*'  rRiictions  in  which  the  products  of  a  certain  initiHl 
chemical  change  react,  either  with  each  other  or  with  the  original 
substances  to  form  new  substances.  Attention  has  already  been 
called  to  the  fact  that  many  of  our  common  chemical  equations 
really  represent  the  summation  of  a  number  of  consecutive  reac- 
tions. If  the  system  A  is  transformed  into  the  system  C  through 
an  intermediate  system  B,  then  we  shall  have  the  two  reactions 


and 


(1) 
(2) 


A-*B, 
B-^C. 


If  reaction  (1)  should  have  a  very  much  greater  velocity  than 
reaction  (2),  then  the  measured  velocity  of  the  change  from  .4  to 
C  will  be  practically  tlie  same  as  that  of  the  ^slower  reaction. 
Tliis  fact  has  been  illustrated  by  means  of  the  following  anal(^y, 
due  to  James  Walker :  —  *  "The  time  occupied  by  the  transmission 
of  a  telegraphic  message  depends  both  on  the  rate  of  transmission 
along  the  conducting  wire,  and  on  the  rate  of  progress  of  the 
messenger  who  deUvers  the  telegram;  but  it  is  obviouslj'  this 
last,  slower  rate  that  is  of  really  practical  importance  in  detennin- 
ing  the  time  of  transmission."  The  saponification  of  ethyl 
succuiate  may  be  taken  as  an  illustration  of  consecutive  reactions. 
This  reaction  proceeds  in  two  stages  as  follows: — 


(1)    CiH* 


COOCH* 


+  NaOH?aC,Hi 


OOCH, 


< 


■COOCaHj 


+Q.H,OH, 


(2)    C«H 


/COOC2H* 


+  NaOH4zJCH4 


ONa 


COONa 
COONa 

OONa 


^ 
4 


H-  CH»OH. 


In  this  case  the  product  of  the  first  reaction  reacts  with  one  of  the 
original  substances. 

Velocity  of  Heterogeneous  Reactions.     It  has  been  shown  that 
when  a  solid,  such  ns  calcium  carbonate,  is  dissolved  in  an  acid, 

•  Proc.  Roy.  Soc.,  Ediuburgh,  sa  (1898). 
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Uie  rate  of  solution  is  deptmdcnt  upon  the  surface  of  contact 
between,  the  solid  and  liquid  pliuj^es,  and  also  upon  the  strength 
of  the  acid.  If  the  surface  is  large  so  that  it  undergoes  relatively 
little  change  during  the  reactjon^  it  may  be  considered  as  constant. 
If  S  repreaenta  the  area  of  the  surface  exposed  and  x  denoto^i  the 
amount  of  solid  dissolved  in  the  time  t,  the  velocity  of  the  reaction 
will  be  represented  by  the  differential  equation 

Integrating  this  equation,  we  have 

This  formula  has  been  tested  by  Boguski  *  for  the  reaction 

CaCOa  -h  2  HCI  =  CaCla  -f-  COj  +  HjO, 

and  is  found  to  give  constant  values  of  k.  Furthermore,  Noyes  and 
WTiitney  t  have  shown  that  the  rate  of  solution  of  a  solid  in  a  liquid 
at  any  instant,  is  proportional  to  the  difference  between  the  con- 
centration of  the  saturated  solution  and  the  concentration  of  the 
solution  at  the  time  of  the  experiment. 

Velocity  of  Reaction  and  Temperature.  It  is  a  well-estab- 
lished fact  that  the  velocity  of  a  chemical  reaction  is  accelerated 
by  rise  of  temperature.  Thus,  the  rate  of  inversion  of  cane  sugar 
is  increased  about  five  times  for  a  rise  in  temperature  of  30°.  It 
has  been  shown  as  the  result  of  a  large  nimiber  of  observations  on 
a  variety  of  chemical  reactions,  that  in  general  the  velocity  of  a 
reaction  is  doubled  or  trebled  for  an  increase  in  temperature  of 
10*.  It  is  of  interest  to  note  that  the  rate  of  development  of 
various  organisms,  such  as  yeast  cells,  the  rate  of  growth  of  the 
eggs  of  certain  fishes,  and  the  rate  of  germination  of  certain 
varieties  of  seeds  is  either  doubted  or  trebled  for  a  rise  in  temper- 
ature of  10°.  Up  to  the  present  time  no  wholly  satisfactory  form- 
ula, connecting  the  rate  of  reaction  with  the  temperature,  has  been 
derived,  although  several  purcly-oinpirical  expressions  have  been 


k 


•  Berichto,  9,  1*46  (1S76). 

t  Zeit.  phys.  Chem.,  aj,  GSfl  (1897). 
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ttinir*t4iH  Of  tboe  fonnulM  the  most  widely  applicable  is  that 
proposed  by  vau'l  Hoff  and  verified  hy  ArriieBius.  If  &•  and  ki 
r«preBent  the  velocity  constaats  at  the  respective  tempetatuns 
r«  and  Ti,  then 


fsjTi-rjFi 


Tier 


where  c  is  the  base  of  the  Xapcrian  system  of  logarithms  and  A  '» 
a  constant.  The  foUowing  table  gives  the  calculated  and  obeervitl 
values  of  i:  at  various  temperatures  for  the  reaction 

NH/::NOs=toc<' 

when  r  -  273"  +  25*.  k  =  0.000227  and  ^  =  11.700. 


Ditf— 

KUtmmvmiU 

273  +  39 
273  +  50  1 
373  +  64-5 
273  +  74  7 
273  +  80 

O.OOHl 

o.ooRao 

O.U2U8 

0.063 

0.100 

0.00133 

000480 

0.0227 

0.0633 

0.105 

In  thiH  rase  the  agreeme-nt  between  the  obsen-ed  an<l  calculated 
viiltics  JK  all  that  cou]<i  \h'  dt^^inxh 

Influence  of  the  Solvent  on  the  Velocity  of  Reaction.  The 
v('l()(;ity  of  a  chemical  reaction  vjirics  greatly  with  the  nature  of 
th(»  inediuin  in  which  it  takes  place.  This  subject  has  been 
Httidicd  by  M<'nseb(]tkin  *  who  has  collected  much  valuable  data. 
Hii  the  rrauit  of  a  larg*'  number  of  experiments,  on  the  veJocitj'  of 
the  rrjiction  between  ethyl  iodide  and  triethylamine,  as  represented 
by  the  equation 

CHJ  +  (C,HO.N  -  (C.H5)4NI. 

ThJK  rrnction  wn«  allowed  to  take  place  in  a  large  number  of 
di£forent  ttolventri  am]  the  velocity  at  100°  was  measured.     A  few 

*  Zcil.  pfaye.  Chem.,  6,  41  (1890). 
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of  Menschut kin's  re»ultH  are  given  tn  the  accompanying  table,  in  ] 
which  k  denotes  the  velocity  constant:  — 


Hvdium. 

t 

Mfdium. 

» 

0  00018 

0.000757 
0.00S84 

Ethvl  alcuhot 

0  ()366 

Etbylethnr 

Mrthyl  alcohol 

0  0516 

Beoaeoe - 

0.0008 

These  figures  show  that  the  velocity  of  the  reaction  is  greatly 
modified  by  the  nature  uf  the  medium  in  which  it  takes  place,  the 
velocity  in  hexane  being  less  than  one  tlirec-hundredth  of  that  in 
acetone.  It  is  of  interctst  to  note  that  there  iif  an  approximate 
p&rallelism  between  the  values  of  k,  and  the  values  of  the  dielec- 
Wc  constant  of  the  different  media. 

Catalysis.  It  is  a  familiar  fact  that  the  velocity  of  reaction 
is  frequently  greatly  accelerated  by  the  presence  of  a  foreign  sub- 
stance which  apparently  does  not  participate  in  the  reaction,  and 
which  remains  unchanged  when  the  reaction  is  complete.  For 
example,  cane  sugar  is  iuvertetl  very  slowly  by  pure  water  alone, 
but  when  a  trace  of  acid  is  added  the  reaction  is  greatly  acceler- 
ated. A  sul>stance  which  'm  capable  of  exerting  such  an  acceler- 
ating action  is  tennwl  a  calalytil,  and  the  pri>ceaa  is  known  as 
catalysis.  In  addition  to  the  fact  that  a  relatively-small  amount 
<rf  a  catalyst  ia  capable  of  effecting  the  transformation  of  large 
amounts  of  material,  there  are  two  other  important  character- 
istics of  catalytic  action  which  should  be  mentioned:  viz.,  (a)  a 
catalyst  does  not  initiate  a  reaction  but  simply  promotes  it;  and 
(b)  the  equilibrium  is  not  disturbed  by  the  presence  of  a  catalyst, 
since  the  velocities  of  the  direct  and  reverse  reactions  are  each 
altered  to  the  same  extent.  Ah  the  result  of  a  series  of  experi- 
ments, Ostwald  concludes  that  the  catalytic  effect  of  acids  in 
hastening  the  inversion  of  cane  sugar  ia  directly  proportional  to 
the  concentration  of  the  hydrogen  ion,  and,  in  general,  is  inde- 
pendent of  the  nature  of  the  anion.  Similarly,  the  catalytic  action 
L  of  bases  may  be  attributed  to  the  hydroxyl  ion,  the  effect  being 
I    proportional  to  the  concentration  of  this  ion.    In  fact  we  may 
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formulate  the  folluwing  fimdauiental  law  of  catalysis:^- 77i< 
degree  of  catalytic  action  u  directly  proportional  to  the  concentration 
of  the  catalytic  agent.  Abuost  every  chemical  reaction  can  be 
accelerated  by  t!ie  addition  of  an  appropriate  catalyst.  A  few 
tj-pical  reactioiw  which  are  accelerated  catalytically  are  here 
given,  togethej  with  tiie  catalyst  employed:  — 

Catalyst  —  hydroRen  ion, 

CH^COOCHfi  +  H,0  =  CH3COUH  +  CHfcOU, 

_  Catalyst  —  hydroxj'l  ion, 

^P  2CHrC0.CH,  =  CH,.C0.CHjC(CH,)20H, 

I  Catalyst  —  finely  divided  platinum, 

1  2SO2  +  O,  =  2S0,, 

^^^  2  CH,OU  +  0:  »  2  H-COH  +  2  H,0, 

^^^  2H,  +  0,  =  2H,0, 

I  Catalyst  —  water  vapor, 

I  2CO  +  0,  =  2C0,, 

I  NHiCI^NHi-hHCl, 

[  Ca 


Catalyst  ■ 


copper  sulphate, 

4HC1  +  O2  =  2HaO  +  2CI», 


1  OOttOOB  PtOOMil 

Catalyst  —  mercury  salts, 

^COOH 

Catalyst  ^  colloidal  platinum. 

2HaOa  =  2HjO  +  0,. 


Catalyst  —  enzymes, 

C»HuOe 


2C,HsOH  +  2CO,, 


CH7COOH  +  CHiOH  =  CHjCOOC^Hs  +  H,0. 

(lipttH) 


I 
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It  will  be  seen  that  catalysis  is  of  great  importance  in  connection 
with  .many  industrial  processes  aa  well  as  in  the  field  of  pure 
chemistry.  The  majority  of  the  reactions  occurring  within 
living  organisms  are  accelerated  catalytically  by  unorganized 
ferments  or  enzymes.  Thus,  before  the  process  of-  digestion  can 
proceed,  starch  must  be  changed  into  sugar.  This  transformation 
is  accelerated  by  an  enzyme  called  ptyalin  occurring  in  the  saliva, 
and  by  other  enzymes  found  in  the  pancreatic  juice.  The  digestion 
of  albumen  is  hastened  by  the  enzymes,  pepsin  and  trypsin.  As 
a  rule  each  enzyme  acts  catalytically  on  just  one  reaction,  or  in 
other  words  the  catalytic  action  of  enzymes  is  specific.  Enzymes 
are  very  sensitive  to  traces  of  certain  toxic  substances  such  as 
hydrocyanic  acid,  iodine,  and  mercuric  chloride. 

An  interesting  series  of  experiments  by  Bredig  *  on  the  catalytic 
action  of  colloidal  metals,  established  the  fact  that  these  substan- 
ces resemble  the  enzymes  very  closely  in  their  behavior.  Thus, 
they  are  "poisoned"  by  the  same  substances  which  inhibit  the 
activity  of  the  enzymes,  and  they  show  the  same  tendency  to 
recover  when  the  amount  of  the  poison  does  not  exceed  a  certain 
limiting  value.  Because  of  this  close  similarity,  Bredig  called  the 
colloidal  metals  inorganic  ferments.  / 

It  sometimes  happens  that  one  of  the  products  of  a  chemical 
reaction  fimctions  as  a  catalyst  to  the  reaction.  Thus,  when 
metallic  copper  is  dissolved  in  nitric  acid,  the  reaction  proceeds 
slowly  at  first  and  then,  after  a  short  interval,  the  speed  of  the 
reaction  is  greatly  augmented.  The  acceleration  is  due  to  the 
catalytic  action  of  the  nitric  oxide  evolved.  This  phenomenon 
is  known  as  antocatalysis.  In  reactions  where  autocatalysis 
occurs,  the  velocity  increases  with  the  time  until  a  certain  maximum 
value  is  reached,  after  which  the  velocity  steadily  dimmishes.  In 
ordinary  reactions  the  initial  velocity  is  the  greatest. 

It  sometimes  happens  that  the  speed  of  a  reaction  is  retarded 
by  the  presence  of  a  trace  of  some  foreign  substance.  Thus, 
Bigelow  t  has  shown  that  the  rate  of  oxidation  of  sodium  sulphite 
is  retarded  by  the  presence  in  the  solution  of  only  one  one-hundred- 

*  Zeit.  phys.  Chem.,  31,  258  (1899). 
t  Zeit.  pbyB.  Chem.,  36,  493  (1898). 
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and-Mxty-UiOQsancItb  of  a  fomiuJa  weight  f^  roannitc  per  liter. 
Such  a  <njhfftnnrr'  is  trrnipd  a  negative  ceAalytL 

Mechanism  of  Catalysis.  As  to  the  cause  of  catalytic  action 
very  little  is  known.  In  fact  it  is  more  reasonable  to  suppose  that 
the  incchanism  of  catalysts  varies  nith  the  nature  of  the  reaction 
and  the  nature  of  the  catalyst,  than  to  conceive  all  catal>^ic  effects 
to  be  traceable  to  a  common  origin.  One  of  the  earliest  hj'potheaea 
u«  to  the  mechanism  of  catalysis  was  put  forward  by  Liebig.  He 
BURgcwted  that  the  catal\'st  sets  up  intramolecular  \*ibration8  which 
assist  chemical  reaction.  The  \'ibration  theory  was  gradually' 
abiuiduned  as  its  inadeciuacy  came  to  be  recognized.  Of  the  many 
explamitions  which  have  been  offered  to  account  for  catal>lic 
ucci'leralion,  tliat  invoKnng  the  formation  of  h>-p«thetical  inier- 
iiiediate  compounds  with  tlie  catalyst  has  tjceu  accepted  with  the 
greatest  fuvor.    Thus,  if  a  reaction  represented  by  the  equation 

4  +  5  =  AB, 

takes  place  very  slowly  under  ordinar>:  conditions,  it  is  possible 
to  accelerate  its  velocity  by  the  addition  of  an  appropriate  cat- 
alyst C.  .\ccordiug  to  the  theory  of  intermediate  compounds, 
the  catalyst  is  supposed  to  act  in  the  following  manner:  — 

(1)  A'\-C  =  AC, 

(2)  AC  +  B  =  ^5  +  r. 

As  will  be  seen,  the  catalyst  is  regenerated  in  the  second  st  _ 
of  the  reaction.  In  18(Ki  ("lenient  and  Desonnes  suggested  that 
the  action  of  nitric  oxide  in  promoting  the  oxidation  of  sulphur 
dioxide  in  the  manufacture  of  sulphuric  acid  was  purely  catalytic. 
Ah  ih  well  known,  the  rate  of  the  rcoctlun  represented  by  the 
etiuatiou 

2SOi  +  Oa-2SO,, 


is  verj'  slow.    The  accelerating  tu'tion  of  nitric  oxide 
reaction  may  be  representetl  in  the  following  manner: — ■ 

(1)  2NO  +  02  =  2NO„ 

(2)  SO,  +  NOa  =  SO,  +  NO. 


on 


and 


This  explanation,  first  offered  by  Clement  and  Dcsormes,  is  still 
regarded  as  the  most  plausible  explanation  of  the  part  played  by 
the  oxi<ies  of  nitrogen  in  the  sjTithesis  of  sulphuric  acid.  It  is 
apparent  that  this  so-called  explanation  is  far  from  complete.  In 
fact,  it  must  be  admitted  that  wo  have  no  adequate  explanation 
of  the  phenomenon  of  catalysis.  When  we  arc  able  to  answer 
the  question — ^"Why  docs  a  chemical  reaction  take  place  ?"^ 
then  we  may  be  able  to  explain  the  accelerating  and  retarding 
influences  of  certain  foreign  substances  on  the  speed  of  reiictioas. 
Ostwald  likens  the  action  of  a  catalyst  to  that  of  a  lubricant  on  a 
machine  —  it  helps  to  overcome  the  resistance  of  the  reaction. 
If  the  velocity  of  a  reaction  is  represented  by  an  equation  similar 
to  that  expressing  Ohm's  law,  we  have 


velocity  of  reaction  = 


driving  force 
resistance 


I 


I 
I 


The  driving  force  is  the  same  thing  as  the  free  energy  or  chemical 
affinity  of  the  reacting  substances;  of  the  resistance  we  know 
practically  nothing.  The  velocity,  according  to  the  above  expres- 
sion, can  be  increased  in  either  of  two  ways,  viz.,  (1)  by  increas- 
ing the  driving  force,  or  (2)  by  diminishing  the  resistance.  It  is 
inconceivable  that  a  catalyst  can  exert  any  effect  upon  the  chem- 
ical affinity  of  the  reacting  substances,  so  that  we  are  forced  to 
conclude  that  its  action  must  be  confined  to  lessening  the 
resistance,* 

PROBLEMS. 

1.  When  a  solution  of  dibromsuccinic  acid  in  heated,  the  aeid  docom- 
pOAes  into  brom-maloic  acid  and  hydrnbromiu  acid  according  to  the 
equatioD 

CHBr-COOH      CH-COOII 

=  II  +  HBr. 

:HBrCC)OIl      CBfCOOH 


I, 


•  For  an  Mc*llpnt  review  of  the  siibjpcl  of  ealalvBia  the  Btiident  is  advised 
to  coiwult  "Dip  Li-hre  von  dor  RfaklionslM'sehlciiiiiKUiig  durch  FremdstofTc, " 
by  W.  Hent.  Ahrens'  "Saiiimtung  cbetniscfaer  and  chcxiiiouh-teubaidcher 
Vortraege.' 


At  50°  the  initial  titrc  of  a  definite  volunae  of  the  solution  wu  T* 
ll).095  cc.  of  standard  alkaji.    Alter  /  nunutes  the  titre  of  the  sam 
volume  of  solution  was  Tf  cc.  oi  standard  alk&li. 

i  0  214  380 

T,  10.095  10.37  1057 

(a)  Calculate  the  velocity-conetant  of  the  reaction. 

(b)  After  what  time  is  one-third  of  the  dibromaucdmc  acid  Aetaa- 
posed?  Ans.   (a)  0.000260;  (b)  1559  minutes. 

2.  From  the  following  data  show  that  the  decomposition  of  H|0|  il 
aqueous  solution  is  a  unimolccul&r  reaction:  — 

Time  in  minutos  0  10  20 

n  22.8  13. S  8  25  cc. 

n  is  the  number  of  cubic  centimeters  of  potassiutn  permanganate  roquirel 
to  decompntie  a  definite  voliune  of  the  hydrogen  peroxide  solution. 

3.  In  the  saponification  of  ethyl  acetate  by  sodium  hydroxide  at  Kf, 
y  oc.  of  0.043  molar  hydrochloric  acid  were  required  Ui  ncutraliu?  100  cc 
of  the  reaction  mixture  t  minutes  after  the  commeacemcnl  of  the  reaction 

t  0  4.S9  10.37  28.18        infinity 

y  61.95         50.50         42.40         29.35        14.92 

Calculate  the  velocity-constant  when  the  concentrations  are  expi 
in  mols  per  liter.  Ana.   Mean  value  of  A-  -  2.38. 

4.  The  velocity-ennntant  of  formation  of  hydnodic  acid  from  ita  do 
menta  is  0.00023;  the  equiUbrium  constant  at  the  same  temperature  ti 
0.0157.    What  is  the  velocity-constant  of  tlie  reverse  reaction? 

Am.  0.0145. 
6.  Determine  the  order  of  the  following  reaction:  — 

6  Feci,  +  KCIO,  -f  0  HCl  -  6  FcCU  +  KH  +  3  H,0. 
When  the  initial  concentration  of  the  reacting  subetjinccs  is  0.1,  ihi 
cbangea  in  concentration  at  suooessive  timm  are  as  follows:  — 


Tiraa  (mimtaK). 

CfaaiobiOa- 

QiDuatioa. 

A 

0.004S 

15 

0.0133 

39 

0  0238 

40 

0  U329 

110 

0  0453 

170 

0.0525 

CHAPTER  XVIU, 

ELECTRICAL  CONDUCTANCE. 

Historical  Introduction.  la  a  book  of  tbia  character  it  is 
impossible  to  give  anything  like  a  complete  historical  sketch  of 
e!ectrochenustry.  Before  entering  upon  aa  outUne  of  this  inter- 
esting division  of  theoretical  chemistry,  however,  it  is  desirable 
to  consider  very  briefly  a  few  of  the  theories  which  have  played  a 
prominent  part  in  the  development  of  our  modem  views  eoncem- 
ing  electrochemical  phenomena.  While  the  early  observations  of 
Beccaria  and  others  pointed  to  the  probability  of  the  existence 
of  some  relation  between  chemical  and  electrical  phenomena,  it 
was  not  until  the  beginning  of  the  nineteenth  century  that  the 
science  of  electrochemistry  had  its  birth.  The  epoch-making 
discovery  by  Volta  of  a  means  of  obtaining  electrical  energy  from 
chemical  energy,  gave  the  initial  impulse  to  all  the  brilliant  dis- 
coveries and  investigations  upon  which  the  modem  science  of 
electrochemistry  Is  based.  The  apparatus  devised  by  Volta, 
known  as  the  voltaic  pile,  consisted  of  disks  of  zinc  and  silver 
placed  alternately  over  one  another,  the  silver  disk  of  one  pair 
being  separated  from  the  zinc  disk  of  the  next  by  a  piece  of 
blotting  paper  moistened  with  brine.  Such  a  pile,  if  composed 
of  a  sufficient  number  of  pairs  of  disks,  will  produce  electricity 
enough  to  give  a  shock,  if  the  top  and  bottom  disks,  or  wires 
connected  with  them,  Ije  touched  with  tlie  moist  fingers.  This 
discover>'  placed  in  the  bands  of  the  investigator  a  source  of 
electricity  by  means  of  which  experiments  could  be  performed 
which  had  hitherto  been  impossible.  Shortly  after  the  discovery 
of  the  voltaic  pile,  Nicholson  and  Carlisle  *  effected  the  decom- 
position of  water,  and  Diwy  t  isolated  the  alkali  metals.  Aa 
a  result  of  these  experiments,  Davy  was  led  to  formulate  bis 


•  Nich.  Jour,  4.  179  (1800). 

t  Ibid.,  4«  275,  326  (1800);  Gilb.  Ana.,  7,  114  C1801). 
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elcctrochemicAl  tlu-or).  According  to  this  theory,  the  atoms  of 
different  Aulwtanccs  acquire  opposite  electrical  chan^  l)y  con- 
tact, and  thus  mutually  attract  each  other.  If  the  diffejences 
between  the  charges  arc  small,  the  attraction  will  be  insufficient 
to  cause  the  atoms  to  leave  their  former  positions;  if  it  is  great, 
a  rearrangement  of  the  atoms  ^ill  occur  and  a  chemical  com- 
pound will  be  formed.  In  terms  of  this  thcor>*,  electrolyaia  con- 
sists in  a  neutralization  of  the  charges  upon  the  atoms. 

The  theor>'  of  Davy  was  soon  superseded  by  that  of  BeraeUua.* 
According  to  the  latter  thcor>',  ever>'  atom  is  chained  with  both 
kinds  of  electricity  which  cjdst  upon  the  atoms  in  a  polar  arrange- 
ment, the  electrical  beha\nor  of  the  atom  being  determined  by  lb© 
kind  of  electricity  which  is  in  excess.  Chemical  attraction  is  merely 
the  electrical  attraction  of  oppositely-charged  atoms.  Since  each 
atom  is  endowed  with  both  positive  and  negative  electrification, 
one  charge  being  in  eoccess,  it  follows  that  the  compound  formed 
by  the  union  of  two  or  more  atoms  will  be  positively  or  n^;ativcly 
charged  according  to  wliichever  charge  remaims  unneutralized  after 
the  atoms  have  combined.  Two  compounds,  the  one  charged  pos- 
itively and  the  other  negatively,  may  thus  in  turn  conibii»e,  a 
more  complex  conipountl  being  formed.  Shortly  after  Berzelius 
formulated  his  theon,',  it  bwame  the  subject  of  much  discussion 
and  was  severely  criticized.  Thus,  it  was  pointed  out  that  if 
eliemieal  conibinution  results  from  the  neutralization  of  oppo- 
sitely-charged aton:s,  then  as  soon  as  tlie  chaises  have  bec6me 
wiunlized,  there  no  longer  exists  any  attractive  force  Eind  the  cora- 
])ound  must  again  deconiiKise.  This  objection  was  easily  overcome 
by  assuming  that  as  soon  as  the  imion  Ijetwcen  the  atoms  is 
brokenj  they  again  acquire  their  original  charges  and,  in  conse- 
quence, recombine.  In  other  wonls,  a  chemical  compound  is  to 
be  regarded  as  existing  in  a  state  of  unstable  equilibrium.  An- 
other, and  apparently  insurmoimtable,  objection  to  the  theorj' 
residte<l  from  the  exceptions  pre»t»nled  by  acetic  acid  and  some  of 
its  su!>5litution  protlucts. 
According  to  the  theor>'  of  Berzelius,  chemical  combination  is 
ft        entirely  dependent  upon  the  nature  of  the  electrical  charges  read- 
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ing  on  the  atorn«.  From  this  statement  it  follows  that  the  pro[>- 
ertit*s  of  a  chemical  ciimpound  must  \te  a  fmiction  of  the  elet'lrical 
chaises  upon  the  atoms  of  its  constituents.  It  was  shown  that's! 
when  the  three  liydrogen  atoms  of  the  methyl  group  in  acetic 
acid  are  successively  replaced  hy  chlorine,  the  chemical  pnjpertics 
of  the  original  substance  are  not  materially  altered.  According 
to  BerzeUus,  the  three  liydrogen  atoms  are  positively  chai^^l 
while  the  tlircc  chlorine  atoms  are  negatively  charged.  That 
three  negative  charges  could  be  substituted  for  ttu^e  ixisitive 
charges  in  acetic  acid  without  producing  a  more  marked  change 
in  its  properties,  could  not  l>e  siitisfactorily  accounted  for  by  the 
theory.  This  criticism  was  for  a  long  time  considered  as  an 
insuperable  barrier  to  the  acceptance  of  the  theorJ^  Shortly 
before  the  close  of  the  nineteenth  eenturj*,  J.  J.  Thomson  •  showed 
that  this  objection  has  little  or  no  weight.  When  hydrogen  gas 
is  electrolyzed  in  a  vacuum-tube  am!  the  spectra  at  the  two  elec- 
trodes are  compared,  Thomson  foimd  them  to  differ  widely. 
From  this  he  concluded  that  the  molecule  of  hydrogen  gas  is  in 
all  probability  made  up  of  positively-  and  negatively-charged  parta 
or  ions.  He  then  extended  tii«  exi>eriments  to  the  vapors  of  cer- 
tain organic  compounds.  In  discussing  these  experiments  he 
says:  —  "In  many  organic  compounds,  atonis  of  an  electro- 
positive element,  hydrogen,  arc  rcplacwl  by  atoms  of  an  elec- 
tronegative element,  chlorine,  without  altering  the  type  of  the 
cumix)und.  Thus,  for  example,  we  can  repWe  the  four  hydrogen 
atoms  in  CH*  by  chlorine  atoms,  getting,  successively,  the  com- 
pounds CH.iCI,  CH2CI2,  CHCli,  and  CCI4.  It  seemed  of  interest 
to  investigate  what  was  the  nature  of  the  charge  of  electricity  on 
the  chlorine  atoms  in  these  compounds.  The  point  is  of  some 
historical  interest,  as  the  possibility  of  substituting  an  electro- 
negative clement  in  a  compound  for  an  electropositive  one  was 
one  of  the  chief  objections  against  the  electrochemical  theory  of 
Berselius." 

"  When  the  vapor  of  chloroform  was  placed  in  the  tube,  it  was 
found  that  both  the  hydrogen  and  chlorine  lines  were  bright  on 
the  negative  side  of  the  plate,  while  they  were  absent  from  the 
•  N&ture,  51,  451  (1895). 
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positive  side,  and  that  any  incrcasp  In  brightness  of  the  hydrogeaa 
lines  was  accompanied  by  an  mcrcase  in  the  bri^tnees  of  those 
due  to  chlorine.  The  appearance  of  the  hydrogen  and  chlorine 
qwctra  on  the  Eume  side  of  the  plate  was  also  observed  in  methy- 
lene chloride  and  in  ethylene  chloride.  Even  when  all  the 
hydit^en  in  methane  was  replaced  by  chlorine,  as  in  carbon  tetra- 
chloride, the  chlorine  spectra  still  clung  to  the  negative  side  of 
tile  plate.  The  same  point  was  tested  with  ^con  tetrachloride 
and  the  chlorine  spectrum  was  brightest  on  the  negative  side  of 
the  plate.  From  these  experiments  it  would  appear,  that  the 
chlorine  atoms  in  the  chlorine  derivatives  of  methane  are  charged 
with  electricity  of  the  same  sign  as  the  hydrogen  atoms  they 
displace. " 

Electrical  Units.  In  1827,  Dr.  G.  S.  Ohm  enunciated  his  well- 
known  law  of  electrical  conductance,  viz.: —  The  strength  of  the 
electric  currerU  Jlotring  in  a  condudor  is  directly  proportional  to  the 
difference  of  potential  between  the  ends  of  the  conductor,  and  inversely 
proportional  to  Us  resistaiice.  If  C  represents  the  strength  of  the 
current,  E  the  difference  of  potential,  and  R  the  resistance,  then 
Ohm's  law  may  be  formulated  thus:  — 


^      R 


rThe  unit  of  resistance  is  the  okm,  that  of  difference  of  potential 
or  electromotive  force,  the  volt,  imd  that  of  current,  the  ampere. 
The  ohm  is  defined  as  the  resistance  of  a  column  of  mercury 
106.3  cm.  long  and  1  sq.  mm.  hi  cross  section  at  0**  C.  The 
ampere  is  defined  as  the  current  which  will  cau»e  the  deposition 
of  0.001118  gram  of  silver  from  a  solution  of  silver  nitrate  in  1 
second.  The  volt  may  be  defined  as  the  electromotive  force 
necessary  to  drive  a  current  of  1  ampere  through  a  resistance  of 
1  ohm.  The  umt  of  quantity  of  electricity  is  the  coulomb,  and  is 
equivalent  to  a  current  of  1   ampere  per  second.     One  gram 

L equivalent  of  any  ion  carries  96,500  coulombs,  a  quantity  of 
electricity  knomi  as  the  faraday  =  F.  As  has  already  been 
pointed  out,  any  fonn  of  energy  may  be  considered  as  the  product 
of  two  factors,  a  capacity  factor  and  an  intensity  i 


ELS  already   been 
xl  as  the  product     i 


The  capacity  factor  of  electrical  cnergj*  is  the  coulomb  while 
the  intensity  factor  is  the  volt,  i.e., 


electrical  energy  -  coulombs  X  volts. 


The  unit  of  electrical  energy,  therefore,  is  the  pott-ampere-secor 
commonly  called  the  waU-seccnd.  One  watt-8e<;ond  is  the  ei& 
trical  work  done  by  a  current  of  I  ampere  flowing  under  an  elec- 
tromotive force  of  1  volt  for  1  second,  and  is  equivalent  to  1  X  10* 
C.G.S.  units.  The  thermal  equivalent  of  electrical  energy  may  be 
calculated  from  the  relation 

electrical  energy  in  absolute  units       .      .         .       ,    i    * 

r — r-==i — -. ?-r — 7 =  heat  equiv.  of  elect,  energy, 

mechanical  eqmv.  of  heat  ^  ^\ 

or 

IXIC 


I 


42,600  X  980.1 


=  0.2394  cal.  -  1  watt-eecond. 


;    An*^H 


Faraday's  Laws.  When  two  platinum  plates  or  electrodes,  one 
connected  to  the  positive  and  the  other  to  the  negative  terminal 
of  a  battery,  are  immersed  in  a  solution  of  sodium  chloride,  it 
will  be  found  that  hydrt^en  is  immediately  evolved  at  the  nega- 
tive electrode  and  oxygen  at  the  positive  electrode.  If  the  salt 
solution  is  previously  colored  with  a  few  drops  of  a  solution  of 
litmus  it  will  be  observed  that  the  portion  of  the  solution  in  the 
neighborhood  of  the  positive  electrode  will  turn  red,  indicating 
the  formation  of  an  acid,  while  that  in  the  neighborhood  of  the 
negative  electrode  will  turn  blue,  showing  the  formation  of  a 
base.  The  same  changes  will  take  place  whether  the  electrodes 
are  placed  near  together  or  far  apart,  and  furthermore,  the  evolu- 
tion of  gas  and  the  change  in  color  at  the  electrodes  commences 
as  soon  as  the  circuit  is  closed.  The  study  of  these  phenomena 
led  Faraday  *  to  the  conclusion,  that  when  an  electric  current 
traverses  a  solution,  there  occurs  an  actual  transfer  of  matter, 
one  portion  travelling  with  the  current  and  the  other  portion 
moWng  in  the  opposite  direction.  At  the  suggestion  of  the  philol- 
ogist Whewell,  Faraday  termed  these  carriers  of  the  current,  ions 
{lenu  =  to  wander).  He  also  called  the  electrode  connected  to 
*  Experimental  Researches,  (1834). 
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the  positive  terminal  of  the  battery,  the  anode,  (<iw»  =  up  and 
oSos  =  way),  and  the  electrode  coanected  to  the  negative  tcmiiniU 
*.he  cathode^  i^Kurd  =  down  and  oSos  =  way).  The  ions  which 
move  toward  the  anode  he  called  anions,  while  those  which  migrate 
toward  the  cathode  he  culled  cottons.  The  whole  process  h« 
termed  ekdrolysis.  The  question  of  the  relationship  betweeu  the 
amount  of  electrolysis  and  the  quantity  of  electricity  passing; 
through  a  solution  was  investigated  by  Faraday.  As  a  result  of 
his  experiments  he  enunciated  the  following  laws  which  are  com- 
monly known  as  the  laws  of  Faraday:  — 

(1)  For  the  same  eUxirolyie,  the  amount  of  electrolysis  is  propor- 
tional to  the  quanlity  of  elcclncity  which  passes. 

(2)  The  amounts  of  sub&tanees  liberated  at  the  electrodes  when  the 
same  quantity  of  electricity  passes  through  solutions  of  different 
dedrohjtes,  are  proportional  to  their  chemical  equivalents.  The 
chemical  equivalent  of  any  ion  is  equal  to  the  atomic  weight  divided 
by  its  valfnce.  If  the  same  quantity  of  electricity  is  passed 
through  solutions  of  hydrochloric  acid,  silver  nitrate,  cuprous 
chloride,  cupric  chloride,  and  auric  chloride,  the  relative  amounts 
of  the  different  cations  liberated  will  be  as  follows;  — 


Klaotrob-tck 

Chera,  Equiv,  of 
Cnrica. 

HCl 

AgNO, 

CuiCli 

CuCli 

AuCU 

Ar*  =  ins 

Cii'=63.4 
Cu"  =  63.4-1-2 

Air"-197-!-3 
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The  electrochemical  equivalent  of  an  element  or  group  of  elements 
is  the  weight  in  grams  which  is  liberated  by  the  passage  of  one 
coulomb  of  electricity.  The  electrochemical  equivalents  are, 
according  to  Fara<lay's  .second  law,  proportional  to  the  chemical 
equivalents.  The  quantitj'  of  electricity  necessary  to  liberate  one 
chemical  cquivalpnt  in  grams  is  called  a  faraday.  This  is  a  very 
important  unit  in  electrochemical  calculations.  Since  one  coulomb 
liberates  0.00O01O30  gram  of  hydrogen,  1  -*-  0.00001036  =:=  96,500 


J 


coulombs  of  plfftricity  will  Ik-  rctiuirt'd  to  lilxTate  one  gram  equiv- 
alent of  hydrogen.  The  sanu'  qujinlity  o(  electricity  will  liberate 
35.45  X  6.00001036  =  0000368  gram  of  chlorine,  and  108  X 
0.00001036  =  O.OOlllS  gram  of  silver.  Or,  in  general,  since  one 
coulomb  of  electricity  Uitenites  0.00001036  gram  of  hydrogen,  it 
will  caufie  the  liberation  of  0.00001036  to  grama  of  any  other  ele- 
ment who.'ie  equivalent  weight  is  w. 

The  Existence  of  Free  Ions.  When  an  electrolyte  is  de- 
composed by  the  electric  current,  the  products  of  decomposition 
appear  at  the  electrodes.  The  fact  that  the  liberation  of  the  pratl- 
uct«  of  decomposition  is  independent  of  the  distance  between 
the  electrodes  caused  considerable  difGculty  in  the  early  historyM 
of  electrolysis.  It  was  evident  that  the  two  products  could 
hardly  be  derived  from  the  same  molecule,  but  must  c^mie  from 
two  different  molecules.  Several  theories  were  advanced  to 
account  for  the  experimental  results.  Thus,  in  the  electrolysis  of 
water  it  was  suggested  that  the  two  gases,  hydrogen  imd  oxygen, 
were  not  derived  from  the  water  but  that  electricity  itself  pos- 
sessed an  acid  character.  Grotthuss  *  was  the  first  to  propose  a 
rational  hjpothesis  as  to  the  mechanism  of  electrolysis.  He 
assumed  that  when  the  electrodes  in  an  electrolytic  cell  are  con- 
nected with  a  source  of  electricity,  the  molecules  of  the  electrolji.e 
arrange  themselves  in  straight  lines  between  the  electrotles,  the 
positive  poles  being  directed  toward  the  negative  electrode  and 
the  negative  poles  towiird  the  positive  electrode.  When  elec- 
trolysis begins,  the  cation  of  the  molecule  nearest  the  cathode 
is  liberated  at  the  cathode  and  the  anion  of  the  molecule  nearest 
the  anode  is  liberated  at  the  anode.  The  anion  which  is  left 
free  near  the  cathode  then  combines  with  the  cation  of  the  next 
adjoining  molecule,  the  anion  thus  left  uncorabuicd  uniting  with 
the  cation  of  its  nearest  neighbor,  a  similar  exchimge  of  partners 
continuing  throughout  the  entire  molecular  chain.  Under  the 
directive  influence  of  the  two  electrodes,  the  newly-grouped  mole- 
cules then  rotate  so  that  the  positive  poles  all  face  the  negative 
electrode  and^  the  n*^ativc  poles  all  face  the  iwsitive  electrode. 
The  process  is  then  repeated,  another  molecule  t>eing  electrolyzed. 
*  Ann.  de  Chim.  [1],  58,  51  (1806). 


This  theory  <tf  dectnilysis  appears  to  have  been  apccptJ 
Fanwlay.  Its  mbercnt  defect  was  first  pointed  out  bj*  Gr 
Fma  his  acpetiraeDtB  with  the  oxy-hydrogcn  oc£,  which  demcai 
itfl  energy  from  the  union  of  hydrogen  and  oxygen,  be  painted  oat 
that  a  de«ofDpoEdtic«  of  the  molecules  of  water  is  not  i  m  ntwl 
for  li)«  evolution  of  these  two  gases,  but  that  the  molecules  must 
be  already  in  a  state  of  partial  decompoeitiao.  This  suggestion 
was  f<^wed  up  by  Clausius.t  He  argued  that  if  an  eaqxiMiiture 
of  energ)'  Is  necessary  to  decorapoee  the  molecules,  dectrohrsis 
should  be  ini|Ki»'ible  at  ver>'  low  voltages.  Experiment  showed 
that  when  silver  aitrate  is  electrolyied  between  silver  eiecirodeSi 
deomipoeiticHi  takes  place  at  vcrftagea  which  are  much  below  the 
voltage  oorrespooding  to  the  energ>'  of  fonnation  of  alver  nitrate. 
In  other  words,  it  requires  ver>'  little  enei^'  to  decampose  a  salt 
which  is  formed  with  the  evolution  of  a  large  amount  of  energ>-, 
a  result  which  is  in  contradiction  to  the  principle  of  the  conserva- 
tion of  energy.  Clausius  was  thus  forced  to  conclude  "  that  the 
supposition  that  the  constituents  of  the  molecule  of  an  electrolyte 
are  firmly  united  and  exist  in  a  fixed  and  orderiy  arrangement  is 
wholly  erroneous." 

As  a  result  of  his  investigation  of  the  synthems  of  ethyl  ether 
from  alcohol  and  sulphuric  acid,  Williamson  t  concluded  "that  in 
an  aggregate  of  the  molecules  of  cver>'  compound,  a  constant  inter- 
change between  the  dements  contained  in  them  is  taking  place." 
In  the  same  paper  he  writes,  "each  atom  of  hydrogen  does  not 
rem^n  quietly  attached  all  the  time  to  the  same  atom  of  chlorine, 
but  they  are  continually  cxchan^ng  places  with  one  anoth^.** 
This  view  was  accepted  by  Clausius,  although  he  had  no  means  of 
determining  the  extent  to  which  the  electrolyte  was  broken  doi 
or  dissociated  into  free  ions. 

Id  1887,  Arrhcnius  §  developed  the  views  of  Clausius  by  showing 

how  the  degree  of  dissociation  of  the  molecules  of  an  electrolyte 

I         can  be  deduced  from  measurements  of  the  electrical  conductance 

L 


,^n 


•  Phil.  Mag.,  17,  348  (1846). 
t  Fogg.  Ann.,  loi,  338  (1857). 
J  Lieb.  Ann.,  77.  37  (1851). 
S  Zeit.  pfays.  Cbem.,  i»  631  (18S7). 
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of  its  solution?.,  a-s  well  jus  from  riif  asurcMiienls  of  osmotic  pressure 
and  freezing-point  lowering.  The  important  generalisation  sum- 
marizing these  conceptions  is  known  as  the  theory  of  electrolytic 
dissociation,  to  which  reference  has  already  been  made  in  earlier 
chapters  (see  page  227). 

The  Migration  of  the  Ions.  Since  the  passage  of  a  current  of 
electricity  through  a  solution  of  an  electrolyte  causes  the  dis- 
charge of  equivalent  amounts  of  positive  and  negative  ions  at  the 
electrodes,  it  might  be  inferred  that  the  ions  all  move  with  the 
same  speed.  That  this  inference  is  incorrect,  was  first  shown  by 
Hittorf*  as  the  result  of  his  ot)servations  on  the  changes  in  con- 
centration of  the  solution  in  the  neighborhood  of  the  electrodes 
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during  electrolyris.  He  showed  that  different  ions  migrate  with 
different  speeds,  and  that  the  faster  moving  ions  carry  a  greater 
proportion  of  the  current  than  the  slower  moving  ions.  The 
effect  of  unequal  ionic  velocities  on  the  concentrations  of  the 
solutions  around  the  electrodes  is  clearly  shown  by  the 
companying  diagram  (Fig.  87)  due  to  Ostwald.     The  anode  an 


*  Pogg.  Ann.,  ftg,  177;  96,  1;  103,  I;  106.  337,  513  (1853-1859). 
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cathvjcle  in  an  electrolytic  cell  are  repre-sentwl  hy  the  vertical  lines 
A  and  C  respectively.  The  cell  is  divided  into  three  compart- 
roents  by  means  of  porous  diaphragms,  reprraented  by  the  ver- 
tieal  dotted  lines.  The  cations  are  reprosentod  hy  dots  (")  and 
the  anions  hy  dashes  (').  Before  the  current  passers  through  the 
cell,  the  concentration  of  the  solution  Ls  unifonn  throughout,  the 
conditions  tn^inK  represented  by  1.  Now  let  us  imaipne  that  only 
the  anions  hiovl'  wlien  the  current  is  established.  The  conditions 
when  the  chain  of  anions  has  mo\'ed  two  steps  toward  the  anode 
are  shown  in  II.  Each  ion  which  h:is  been  deprived  of  a  partner 
is  supposed  to  be  discharged.  It  will  be  observed  that  although 
the  cations  have  not  migrated  t(3ward  the  cathode,  yet  an  equal 
number  of  positive  and  negative  ions  an'  discharged,  and  that 
while  the  conwutration  in  the  anode  eompartment  hiis  not  changed, 
the  concentration  in  the  cathode  compartment  has  diminished  to 
one-half  its  original  value. 

Let  us  now  suppose  that  botli  anions  and  cations  move  with  the 
same  speed,  and  as  before,  let  each  chain  of  ions  move  two  steps 
toward  their  respective  electrodes,  as  indicateil  in  III.  It  will  be 
seen  that  four  iwsitive  and  four  negative  ions  have  been  dis- 
charged, and  that  the  concentration  of  the  electrolyte  in  the  anrKie 
and  cathode  compartments  has  diminished  to  the  same  extent. 
Finally,  let  us  assume  that  the  ratio  of  the  speeds  of  the  cations 
to  that  of  the  anions  is  as  3  :  2.  When  the  cations  liave  moved 
three  steps  toward  the  cathode  and  the  imious  havi?  moved  two 
steps  toward  the;  anode,  the  conditions  will  be  as  sliown  in  IV. 
It  is  evident  that  five  positive  and  five  negative  ions  have  hern 
discharged,  and  that  the  concentration  in  the  eathmle  compart- 
ment Ims  duninishcd  by  two  molecules  while  the  concentration 
in  the  anode  compartment  has  duninished  by  three  molecules. 
It  will  be  observed  that  the  change  in  concentration  in  either  of 
the  electrode  comiwirtments  is  proportional  to  the  speed  of  the 
ion  leaving  it.  Thus,  in  II,  the  concentration  in  the  cathode 
compartment  diminishes  wliile  that  in  the  anode  compartment 
remains  unchanged,  since  only  the  anion  moves.  In  like  manner, 
the  change  in  concentration  about  the  electrodes  in  III  corre- 
sponds with  the  fact  that  both  ions  migrate  at  the  same  rate. 


A 
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In  IV  the  ratio  of  the  change  ia  concentration  m  the  cathode 
compartment  to  that  in  the  anode  compartment  is  a.s  2  :  3.  It 
will  t>e  apparent  from  fctiese  examples,  thai  tlie  relation  hetween 
the  Rpeeds  of  the  ions  and  the  corresponding  cbangos  in  concen-J 
tration  at  the  electrodes  may  be  expressed  by  the  following  pro* 
portion :  — 

Change  in  concentration  at  anode   _  speed  of  cation 
Change  in  concentration  at  cathode      speed  of  anion 

If  the  relative  speed  of  the  cations  is  represented  by  u,  and  that 
of  the  anions  by  v,  then  the  total  c^uantity  of  eiectrieity  trans- 
ported will  be  proportional  t-o  u  +  r:  of  this  total,  the  fractions 

carried  by  the  anion  and  cation  respectively ,  will  l)e  n  =  — r—i 

u  -\-  V 

and    1  —  n  =  — ; — •    The  values  of  these  ratios,  n  and  1  —  «» 

are  called  the  transport  numbers  of  the  anion  and  cation  respec- 
tively. It  is  apparent  from  the  diagram,  that  if  the  electrolysis 
is  not  carried  too  fur,  the  ooncontration  of  the  solution  in  the  inter-  fl 
mediate  compartment  will  undergo  no  change.  In  order  to  deter-  " 
mine  transport  numbers,  therefore,  it  is  simply  necessary  to 
remove  portions  of  the  solutions  in  the  immediate  vicinity  of  the 
two  electrodes  and  detemaine  the  concentration  of  the  electrolyte 
analytically.  The  success  of  the  experiment  depends  upon  keep- 
ing the  concentration  of  the  intermediate  compartment  unaltered. 
Experimental  Determination  of  Transport  Numbers.  V^arious 
forms  of  apparatus  have  been  constructed  for  the  determination 
of  transport  numbers,  among  which  one  of  the  most  satisfactory 
is  that  devised  by  Jones  and  Bassctt,*  and  shown  in  Fig.  88.  It 
consists  of  two  vertical  tul>cs  of  wide  bore  connected  by  a  U-tube 
fitted  with  a  stop-cock.  Into  each  of  two  electrodes,  made  of 
I     a  suitable  met^l,  is  riveted  a  short  piece  of  stout  platinum  wire, 

I  which  is  then  sealed  into  heavy-walled  glass  tubes.  The  exposed 
end  of  the  platinum  wire  on  the  under  side  of  each  electrode  is 
covered  with  a  drop  of  fusion  glass.  The  tubes  carrying  the 
electn>des  are  fitted  into  holes  bored  through  the  ground  glass 

II  •Am.  Chem.  Jour.,  32,  400  (1904). 


« 


396 


THEORETICAL  CHEMISTRY 


stoppors  which  close  the  right  and  left  arms  of  the  apparslus. 
Two  snm!l  ^aihiated  tnbps  are  sealed  to  the  two  vertical  tiihefi 
just  below  tho  stoppers.  These  tubes  allow  for  any  sHghl  dth 
placement  of  the  solution  due  to  expansion  or  the  formation  of 


\^ 


v-y 


Fig.8S. 


gas,  and  at  the  same  time  make  it  possible  to  level  the  apparatus 
accurately.  When  electrolysis  has  proceeded  far  enough,  the 
circuit  is  broken  and  the  stop-cock  closed,  thus  preventing  the 
mixing  of  the  solutions  in  the  anode  and  cathode  compartments. 
The  solutions  in  the  two  halves  of  the  apparatus  are  then  rinsed  out 
into  separate  beakers  and  the  concentration  of  each  is  determined 
analytically.  Knowing  the  initial  concentraiion  of  the  solution 
and  the  final  concentrations  at  the  two  electrodes,  together  with 
tl»e  total  quantity  of  electricity  which  has  parsed  through  the 
apparatus  during  the  ejcperiment,  we  liave  all  of  the  data  nece*- 
sary  for  the  calculation  of  the  transport  numbers  of  the  two  ions. 


J 
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The  foUowing  example  will  sorve  to  make  the  method  of  calcu- 
lation clear:  —  In  an  experiment  to  deterraine  the  transport 
numbers  of  the  ions  of  silver  aitrate,  a  solution  containing  0.00739 
Sram  of  that  salt  per  grain  of  watvr  was  prepared.  The  solution 
was  introduced  into  the  migration  apparatus  and,  after  inserting 
silver  electrodes,  a  small  eurrent  was  passed  through  the  appa- 
ratus for  two  hours.  A  silver  coulometer  was  included  in  the  cir- 
cuit, and  0.0780  gram  of  silver  was  de|K)sit(*il  by  the  current. 

This  mass  of  silver  is  equivali'iit  to  0.000723  ^ram-equivalent. 
After  the  circuit  was  broken,  the  anode  solution  wivi  rinsed  out  and 
its  concentration  determined  aniJytically.  It  was  found  to  con- 
tain 0.2301  gram  of  silver  nitnite  to  2;M4  grains  of  water.  This 
amount  of  s<»]ution  cimtained  originally  23.14  X  0.00739  = 
0.1710  grain  of  silver  nitrate,  'j^htis,  the  amount  of  silver  nitrate 
in  the  anode  conipartment  had  increased  by  0.2361  —  0.1710  « 
0,0651  gram  of  silver  nitrate,  or  0-000383  gram-equivalent  of 
silver.  Obviously  the  increjuse  in  the  concentration  of  the  nitrate 
ion  must  have  been  the  same.  The  amount  of  silver  dissolved 
from  the  anode  must  have  been  equal  to  that  deposited  in  the 
coulometer,  or  since  0-000723  gram-<x^uivalcnt  of  silver  was 
deposited  and  the  actual  increa-se  found  was  0.000383  gram- 
equivalent,  the  difference,  0.000723  -  0.000383  =  0.000340  gram- 
equivalent,  Is  the  amoimt  of  silver  which  migrated  away  from  the 
anode.  .\t  the  same  time  0.0003S3  gram-equivalent  of  nitrate 
ions  migrated  into  the  anode  compartment.  The  ratio  of  the 
speed  of  migration  of  the  silver  ions  to  that  of  the  nitrate  ions  is 

■  as  0.000340  :  0-000383.     Since  0.000723  gram-equivalent  of  silver 

■  ions  measures  the  totjU  quantity  of  electricity  transported,  the 
I  transport  numbers  of  the  two  ions  will  be  as  follows:  — 


Transport  number  of  Ag'  =  n  =  -'  .^  =  0.470, 


0.000723 


Transport  number  of  NOa'  =  1  —  n  = 


0.000383 
0.000723 


=  0.530. 


These  munbers  can  be  checked  by  a  similar  calculation  based  on 
the  change  in  concentration  in  the  cathode  compartment. 
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Tho  following  table  gives  the  transport  numbers  of  the  anions 
of  various  clectrolj'tes  at  different  dilutions,  V  l>eing  the  niuulwr 
of  liters  of  solution  containing  one  gram-equivalent  of  wjlule. 
The  transport  numbers  of  the  corresponding  cations  can  I*  fouiui 
by  subtracting  the  transport  numbers  of  the  anions  from  unity. 

TRANSPORT  Nl'MBERS  OF  AN'TONS. 


v- 

10) 

so 

M 

10 

s 

2 

1         ai 

KCI        1 
KBr 
KI 

NH^Cl   . 
NaCI  . 
KNOa.  . 
AbNO,,. 

0.5U6 
6!528 

0.607 
6!62S 

6!  620 

0.507 

0.614 
6!52S 
6!  173 

6  626 

0.608 

0.617 
0.497 
0.628 
0.735 
0.172 

0.632 

O.SOO 

0.620 
0.496 
0.627 
0,736 
0.172 

6!d43 

0.513 

0.636 
0.492 

0.519 

6!  173 

6!435 
0.668 
0.182 

0.514 

0.637 
0.487 
0.601 

oiife 

0.640 
0.434 
0.606 
0  174 

O.SU 
04» 

KOH 
HCl 
i  BaCl. 
k  K,CO, 
\  CuSOi. 
iH,SO.. 

0(5T 
0  4)3 
0731 

.... 

It  IB  apparent  from  the  table  Ihiit  the  transport  numbers  are 
not  entirely  independent  of  the  concent  rat  icm.  They  also  vftry 
slightly  with  the  temperature  and  approach  the  limiting  valitf, 
0.5,  at  high  t<'mperatures. 

Specific^  Molar  and  Equivalent  Conductance.  As  is  well 
known,  the  resistance  of  a  metallic  conductor  is  directly  propor 
tional  to  its  length  and  inversely  proportional  to  its  area  of  crort- 
section.  Similarly,  the  resistan4:e  of  an  electrolyte  is  proportional 
to  the  length  jmd  inversely  proixjrlional  to  the  cross-eection  of 
the  column  of  solution  between  the  two  electrodes.  The  speci^e 
resistance  of  an  electrolyte  may  be  defined  as  the  resistance  in 
ohms  of  a  column  of  solution  one  centimeter  long  and  one  square 
centimeter  in  cross-section.  Specijic  condxictancc  is  the  reciprocii 
of  specific  n^istancc.  Since  the  conthictance  of  a  .soIutioQ  is 
almost  wholly  dependent  upon  the  amount  of  solute  present,  it 
is  more  convenient  to  express  conductance  in  terms  of  the  molar 
or  equivalent  concentration.     The  mdar  amdttctance  ft,  is  the 
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conductance  in  reciprocal  ohms,  of  a  solution  containing  one  mol 
of  solute  when  placed  between  electrodes  which  are  exactly  one 
centimeter  apart.  The  eguivaiejU  conductance  A  is  the  conduc- 
tance in  reciprocal  ohms  of  a  solution  containing  one  gram- 
equivalent  of  solute  when  placed  between  electrodes  which  are 
one  centimeter  apart.  If  k  denotes  the  Specific  conductance  of  a 
solution  and  Vm,  the  volimie  in  cubic  centimeteis  which  contains 
one  mol  of  solute,  then 

M  =  kV^, 
and  in  tike  manner 

A  =  icK, 

where  F«  is  the  volume  of  solution  in  cubic  centimeters  which 
contains  one  gram-equivalent  of  solute.  The  following  table 
gives  the  specific  and  molar  conductance  of  solutions  of  sodium 
chloride  at  18°  C.:  — 


CoDontnttioo. 

Dilation. 

Sp.  Cond. 

Hol&r  Cond. 

1 
0.1 

0.01 

0.001 

0.0001 

1,000 

10,000 

100,000 

1,000,000 

10,000,000 

0.0744 
0.00926 
0.00102S 
0.0001078 
0.00001097 
1 

74.4 
92.5 

102.8 
107.8 
109.7 

It  will  be  observed  that  the  molar  conductance  increases  with  the 
dilution  up  to  a  certain  point  beyond  which  it  remains  nearly 
constant.  That  the  molar  conductance  should  change  but  little 
will  become  apparent  from  the  following  considerations:  — 
Imapne  a  rectangular  cell  of  indefinite  height  and  having  a  cross- 
sectional  area  of  one  square  centimeter,  and  further  assume  that 
two  opposite  walls  can  function  as  electrodes.  Let  1000  cc.  of  a 
solution  containing  one  mol  of  solute  be  introduced  into  the  cell, 
and  let  its  conductance  be  determined.  Now  let  the  solution  be 
diluted  to  2000  cc.  and  the  conductance  of  the  diluted  solution  be 
measured.  While  the  specific  conductance  of  the  diluted  solution 
is  reduced  to  one-half  of  its  original  value,  yet  since  the  electrode 
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surface  in  contact  with  the  solution  is  doubled,  owmg  to  the  fact 
that  the  solution  stands  at  twice  the  original  height  in  the 
cell,  the  total  conductaoee  due  to  one  raol  of  solute  remains  un- 
changed. This,  of  course,  is  only  the  case  with  completely  ionised 
solutes. 

Determination  of  Electrical  Conductance.  The  determination 
of  the  electrical  conductance  of  a  aolution  resolves  itself  into 
the  determination  of  its  resistance  by  a  simple  modification  of 
the  fjuniliar  ^Tieatstone-bridge.  method.  The  arrangement  of  the 
apparatus  for  this  method  devised  by  Kohlrausch  ■  is  represented 
diagrammatically  in  Fig.  8U,  where  ab  is  the  bridge  wire>  B  is  a 


Fig.  M. 


resistance  box,  nnd  C  is  a  cell  containing  the  solution  whose 
resistance  is  to  Im;  measured.  The  jxjintit  d  and  c  are  connected 
to  a  .small  induction  coil  /  wiiich  gives  an  alternating  current. 
This  is  necesaar)'  in  order  to  pn;vent  polarizatiou  which  would 
occur  if  a  direct  current  were  used.  The  use  of  the  alternating 
current  necessitates  the  substitution  of  a  telephone,  T,  for  the 
galvanometer  uBually  employod  in  measuring  resistance.  The 
positions  of  the  induction  coil  and  telephone  are  sometimes  inter- 
changed, but  the  arrangement  shown  in  the  diagram  is  to  be  pre- 
ferred, sin<;e  it  insures  a  high  electromotive  force  where  the  sliding 
*  Wied.  Ann.,  6.  145  (1879);  ii,  553  (1880);  a6,  161  (1886). 


roaUict  c  touches  the  wire,  this  l)eing  the  most  uncertain  connec- 
tion in  the  entire  arrangement.  A  BiniiU  accumulator  A,  serves 
to  operate  the  induction  coil.  In  making  a  measurement,  the 
coil  is  connected  with  the  accumulator  and  the  vibrator  adjusted 
80  that  a  high  mosquito-like  tone  is  emitted;  then  the  sliding 
contact  c  is  moved  along  the  wire  ab  until  the  sound  iu  the  tele- 
phone reaches  a  minimimi,  the  position  of  the  point  of  contact 
with  the  bridge-wire  being  read  on  the  nullinieter  scale  placed 
below.  According  to  the  principle  of  the  Wheatstonc  bridge,  it 
follows  that 

C^bc 

B      ac 


I 


Since  the  resistance  B  and  the  lengths  6c  and  ac  are  known,  the 
resistance  C  can  be  calculated.  Various  types  of  conductance 
cells  are  in  use,  depending  upon  whether 
the  solution  has  a  high  or  a  low  resistance. 
The  form  shown  in  Fig.  90  is  widely  used. 
The  two  electrodes  are  made  of  platinum 
foil,  connection  with  the  mercur>'  in  the  two 
glass  tubes  ti  being  established  by  means  of 
two  pieces  of  stout  platinum  wire  sealed 
through  the  ends  of  these  tul>es.  The  tubes  ti 
are  fastened  into  a  tight-fitting  vulcanite 
cover  80  that  the  electrodes  may  l>e  re- 
moved, rinsed  and  dried  without  altering 
their  relative  positions.  Before  the  cell  is 
used,  the  electrodes  must  be  coated  electro- 
lytically  with  pi  at  mum  black.  It  is  not 
neceasary  to  know  the  area  of  the  elec- 
trodes or  the  distance  between  them,  since 
it  is  possible  to  determine  a  factor,  termed 
.  the  rtsisiance  capacity,  by  means  of  which 
the  results  obtained  with  the  cell  can  be 
transformed  into  reciprocal  ohms.  Ti>  this 
end  the  specific  conductances  of  a  number  of  standard  solu- 
tions have  been  carefully  determined  by  Kohlrausch;   thus,  for 


Fig.  90. 
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a  0.02  molar  solution  of  potassium  chloride  he  found  the  following 
values:  — 

Km  =  0.002397    and     k^  =  0.002768, 
or 

Aiif  =  119.85    and    A».  =  138.4. 

Let  the  resistance  of  the  cell  when  filled  with  0.02  molar  potassium 
chloride  be  C,  then  according  to  the  principle  of  the  Wheatstone 
bridge  we  have 

ac 
or  denoting  the  conductance  of  the  solution  by  L,  we  obt^ 


-=^ 


ac 


B'bc 

Since  the  specific   conductance  k  muflt  be  proportional  to  tli4 
observed  conductance,  we  have 

ac 

where  K  is  the  resistance  capacity  of  the  cell, 
meat  is  made  at  IS'*  C,  then  we  have 

0.002397  «.  6c 


=  KL  =  K 


If  the  measur 


K  = 


ac 


Having  determined  the  resistance  capacity  of  the  cell  we  may 
then  proceed  to  detcnriine  the  conductance  of  any  solution.  FoC^^ 
exaniplc,  suppose  that  when  the  resistance  in  the  box  in  B',  ih^^ 
point  of  balance  on  the  bridgt^wire  is  at  c',  then  the  specific  con— H 
duetance  of  the  solution  will  be 


«'  =  A' 


.  fir- 


B'b^ 


i 


If  k'  is  multiplied  by  the  volume  of  the  solution,  we  obtain  the-—^ 
equivalent  conductance,  or 

A  =  k'V, 

Relative  Conductances  of  Different  Substances.  The  study 
of  the  electricid  conductance  of  various  solutes  in  aqueous  solu- 
tion, reveals  the  fact  that  eIectrol>u«  differ  greatly  in  their  con- 
r  ducting  power.    They  may  be  roughly  divided  into  two  classes:  — 
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le  with  high  conducting  power,  such  as  stroi^  acids,  strong 
!s,  and  salts;  and  those  with  low  conducting  power,  such  as 
Qonia  and  most  of  the  organic  acids  and  bases.  Further- 
e,  the  equivalent  or  molar  conductance  increases  with  the  dilu- 
V  until  a  dilution  of  about  10,000  liters  is  reached,  beyond 
ch  it  remains  constant.  The  following  table  gives  the  equiv- 
it  conductances  of  three  typical  electrolytes,  V  representii^ 
volume  of  the  solution  in  liters,  and  A  the  equivalent  con- 
rtance:  — 

HYDROCHLORIC    ACID. 


V 

A  (W). 

0.333 

201.0 

1.0 

278.0 

10.0 

324.4 

100.0 

341.6 

1000.0 

345.5 

SODIUM  HYDROXIDE. 

v 

A  {18»). 

0.333 

100.7 

1.0 

149.0 

10.0 

170.0 

100.0 

187.0 

500.0 

186.0 

^  POTASSIUM  CHLORIDE. 

V 

A  (W). 

0.333 

82.7 

1.0 

91.9 

10.0 

104.7 

lOO.O 

114.7 

1,000.0 

119.3 

10,000.0 

120.9 

reciprocal  ohms  and,  as  Wuldcn  *  hji-s  shown,  the  specific  conduct-  - 
ancc  of  a  number  of  other  solvent«  is  of  the  same  order  as  that 
for  water.  Mixtures  of  two  liquids,  each  of  which  is  practically 
non-conducting,  may  have  a  comluctance  differing  but  little  from 
that  of  the  two  components;  or  the  mixture  may  have  a  very- 
high  conductance.    For  example,  the  conductance  of  a  mixturer 


Zeit.  phys.  Chem.,  46,  103  (1903). 
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watpr  and  ethyl  alcohol  is  of  tho  same  order  of  magnitude  as 
that  of  the  two  components,  while  on  the  other  hand,  a  mixture 
of  water  and  sulphuric  acid,  each  of  which  in  the  pure  state  is 
practically  v.  non-conductor,  has  great  conducting  power.  The 
variation  of  the  specific  conductance  of  mixtures  of  water  and 
sulphuric  acid  is  represented  in  Fig.  92,  the  concentrations  of  sul- 
phuric acid  being  plotted  on  the  axis  of  abscissse  and  the  specific 
conductances  on  the  axis  of  ordinates.     It  appears  that  as  the 


40  W  80  70 

Fbr  Oont  Sulphuiic  Adid 

Fig.  92. 


■  concentration  of  the  sulphuric  acid  increases,  the  specific  conduct- 
ance of  the  mixture  increast'^s  until  30  per  cent  of  acid  is  present, 
beyond  which  point  it  gradually  diminishes.  When  pure  sul- 
phuric acid  Is  present  the  value  of  the  specific  conductance  is 
practically  zero.  On  dissolving  sulphur  trioxide  in  the  pure  acid, 
the  specific  conductance  increases  slightly  to  a  maximum  and  then 
falls  rapidly  to  zero.  There  is  a  minimum  in  the  curve  coire* 
sponding  to  about  85  per  cent  of  acid,  a  concentration  which 
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corresponds  almost  exactly  with  the  hydrate  HaSOj.HjO.     Why 
some  liquid  mixluros  shmild  have  marked  ronducting  power  and 
others  hardly  any,  it  is  difficult  to  ejcplain.     Many  fused  s&its, 
such  as  silver  nitrate  and  lithium  chloride,  are  excellent  conducton 
and  HTV  thus  L'Jtct'plions  to  the  general  rule,  that  pure  mjbstanon 
belonging  lo  the  second  alims  of  conductors  possess  little  conduct- 
ing power. 
I      The  Law  of  Kohlrausch-    The  elwtrical  conductance  of  solu- 
tioas  wii»  systerunlicnlly  jnvi^tigated  by  Koldrnusch  who  showed 
that  the  limiting  viUue  of  the  eqnivulent  conductance,  which  nay 
l>e  repreaentwl  !iy  A«,  is  difTcreiit  for  tlifTerent  elcctrol>*tes  and 
may  be  considered  as  the  sum  of  two  independent  factors,  onp  of 
which  refers  to  the  cation  and  the  other  to  the  anion.     This  experi- 
mental result  is  commonly  kno^NTi  as  the  law  of  Kohlrausch. 

The  limiting  value  of  the  equivalent  conductance  is  reached 
when  the  molecules  are  completely  broken  down  into  ions,  and 
under  these  conditions  the  whole  of  the  electrohie  participate 
in  conducting  the  current.  The  accompanying  table,  id^'ing  tb? 
equivalent  conductances  at  infinite  dilution  of  several  binarj' 
rfcctrolytes,  illustrates  the  truth  of  the  law  of  Kohlrausch. 

EQUIVALENT  CONDUCTANCES  AT  INFINITE  DILUTION. 


K 

N« 

Li 

NH» 

H 

a 

123 
118 
228 
115 
04 

103 

SS 

201 

73 

05 

122 

350 



100 

103 

83 

- 

NOi 

OH 

CIO» 

C^iO, 

J 


The  differences  between  two  corresponding  sets  of  numbers 
the  same  vertical  colunm,  and  of  any  two  corresponding  seta  of^ 
numbers  in  the  same  horizontal  row  will  be  found  to  be  nearl; 
equal.    This  could  only  occur  when  the  limiting  conductance 
the   sum    of   two   entirely    independent   quantities.      Each    io»- 
invariably  carries  the  same  charge  of  electricity  and  moves  witb 


ispl 
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Hs  own  velocity  quite  independent  of  the  nature  of  its  compan- 
ion ion.    Therefore,  at  infinite  dilution,  we  have 

A  OB  ~  'c  +  ta, 

in  which  U  and  4  are  the  equivalent  conductances  of  the  ions  of 
the  electrolyte  at  infinite  dilution.     From  this  it  follows  that 

«-      ^      -  ^ 
n  = 


and 

l-n  = 
or 


Ic  +  k      A« 

la        _    h    . 
Ic  +  U        A  J 

Ic  —  nAgo, 


and 

la=    (l   —   n)Aae.. 

Tlius,  the  equivalent  conductance  of  silver  nitrate  at  infinite  dilu- 
tion at  18°  is  115.5,  while  n  =  0.518  and  1  -  n  =  0.482;  there- 
fore 

Ic  -  0.518  X  115.5  =  60.8, 
and 

Z,  =  0.482X115.5  =  55.7; 

or  one  gram-equivalent  of  silver  ions  possesses  a  conductance  of 
60.8  when  placed  between  electrodes  one  centimeter  apart  and 
large  enough  to  contain  between  them  the  entire  volume  of  solu- 
tion in  which  the  Ag'  ions  exist;  and  one  gram -equivalent  of 
NOs'  ions  imder  the  same  conditions  have  a  conductance  equal 
to  55.7. 

The  values  of  the  ionic  conductances  at  infinite  dilution  remain 
constant  in  all  solutions  in  the  same  solvent  at  the  same  temper- 
ature, so  that  it  is  possible  to  calculate  the  equivalent  conductance 
for  any  substance  at  infinite  dilution. 

In  the  subjoined  table  are  given  the  ionic  conductances  of 
various  ions  at  18°  and  infinite  dilution,  together  with  their  temper- 
ature coefficients. 
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IONIC  CONDUCTANCES  AT  INFINITE  DILUTION. 


luQ. 

K 

Twn^QNtf. 

Li* 

N»" 

33.44 

43.55 

M  67 

67.6 

68.2 

64.4 

66.0 

54  02 
46.64 
65.44 
67.63 
06  40 
56  63 

55  03 
33  87 
61.78 

318.0 
174  0 
45  6 
46.0 
MS 
61.5 
68.7 
70.0 

o.oa&s 

0.0244 

K" , ...'. 

00217 

Bb*..., .,,,.... 

0.0214 

cr 

0.0212 

BH**... !!.;.;...!: ! 

0.0222 

TI* 

A«" ; 

0.02J5 
0.0229 

r.. ::.::. ::::::::::.:::: 

00238 

a' ,.,,. 

0  0216 

Br' 

0.0215 

v 

0  0213 

SCM' 

0  0211 

00/ 

0  0215 

tO»' 

0  0234 

NOi'..:.,. 

0.0205 

H" 

Ofl' 

Zo-..., 

0.0351 

ug" 

0.02S6 

Sfv. ..:::::::::::::::::::::::::::::::::.:.. 

0.0338 

Pb" 

0.0343 

90«" 

0.0227 

COj" 

0.0270 

In  the  case  of  weak  electrolytes  the  value  of  A»  cannot  be 
determined  directly  from  conductance  measurements,  since  before 
the  limiting  value  is  reached,  the  solution  has  become  so  dilute  as 
to  render  accurate  measurements  of  the  specific  conductance 
impossible.  The  law  of  Kohlrausch  enables  us  to  get  around 
this  difficulty.  Thus,  the  value  of  A«,  for  acetic  acid  must  be 
equal  to  the  sum  of  the  conductances  of  the  H'  and  CH4COO' 
ions.  The  conductancp  of  the  H"  ion  at  18*  is,  according  to 
the  preceding  table,  318.  The  value  of  the  conductance  of  the 
CHiCOO'  ion  can  be  determined  from  the  conductance  of  sodium 
acetate  at  infinite  dilution,  A*  for  this  salt  hoing  78.1  at  18", 
Since  the  ionic  conductance  of  the  Na'  ion  is  43.55  at  18*,  it 
follows  that  the  conductance  of  the  CHiCOO'  ion  must  be  78.1  — 
43.55  «  34.55.    Therefore,  for- acetic  acid  we  have 

»  4  +  t  =  318  +  34.55  =  352.55  at  18^ 
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Bredig  *  has  shown  that  the  ionic  conductance  of  elementary 
ions  is  a  periodic  function  of  the  atomic  weight.     When  the  ionic 
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conductances  are  plotted  as  ordinaies  against  the  atomic  weights 
as  abscissa,  the  curve  shown  in  Fig.  93  is  obtained.  A  glance  at 
the  curve  shows  the  periodic  nature  of  the  relation. 

Absolute  Velocity  of  the  Ions.  Thus  far  we  have  considered 
only  the  relative  velocities  of  the  ions  and  their  conductances; 
we  now  proceed  to  the  consideration  of  their  absolute  velocities 
in  centimeters  per  second. 

Let  a  current  of  electricity  pass  through  a  centimeter  cube  of  a 
solution  of  a  binary  electrolyte.  If  the  solution  contains  m  raols 
of  solute  per  liter,  then  m/1000  will  be  the  number  of  mols  in  the 
centimeter  cube.     The  charge  on  either  the  cation  or  the  anion 

is  ^  wyjTv-  where  F  =«  96,540  coulombs.  If  C  represents  the  total 
current,  we  have 


m 


'*  Zeit.  phyB.  Cbem.,  13,  242  (18M). 
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since  the  current  is  the  charge  which  pajises  through  one  face  of 
the  cube  in  one  second.  In  a  centimeter  cube^  the  current  is 
equal  to  the  product  of  the  specific  conductance  and  the  difference 
of  potential  E,  the  latter  being  numerically  equal  to  the  potential 
gradient,  the  distance  between  the  electrodes  being  one  centi- 
meter.    Hence^  we  have 

iOOOKE=^FmiU-\-L). 

If  E  is  expressed  in  volts  and  k  in  reciprocal  ohms,  l^  and  U  will  be 
expressed  in  centimeters  per  second,  for  on  passing  to  absolute 
electromagnetic  imits,  we  have 


or 


1000  (k  X 10-')  {E  X  ly) 

{F  X  10-') 
1000 


m(JU  +  U\ 


m 


K'^F(k-^U)=A^, 


^ where  U  and  /«  are  the  ionic  velocities  for  unit  potential  gradient  — 
1  volt  pt^r  centimeter. 
From  this  it  follows  that 


F 


u-\-v. 


M 


The  equivalent  conductance  of  a  0.0001  molar  solution  of  potas 
slum  chloride  at  18*  is  128.9;   the  total  velocity  of  the  two  ions 

is  then, 

128  9 

;,,.  ^'     =  0.001345  cm.  per  sec. 
%,540  * 

This  total  velocity  is  made  up  of  the  two  individual  ionic  velocities. 
The  transport  numbers  of  the  two  ions,  K'  and  CI',  are  respectively 
0.403  and  0.507.  Hence  the  aljsolutc  velocities  of  the  ions,  ex- 
pressed in  centimeters  per  second,  in  a  O.OOOl  molar  solution  of 
potassium  chloride  at  18°  are  as  follows:  — 


and 


0.001345  X  0.403  =  0.00066  cm.  per  sec., 
■■  0.001345  X  0.507  =  0.00068  cm.  per  aec 


The  absolute  velocities  of  some  of  the  more  common  ions  at  18" 
are  given  in  the  following  table:  — 

ABSOLUTE  IONIC  VELOCITIES. 


Ion. 

Vrioeity. 

Ion. 

Velocity. 

K*...   

era.  pv  »o. 

0.0006G 
0,00066 
0  O0W5 
0.00036 
0.00057 
0  000473 

H" 

cm.  par  wo. 

0.00320 

NH4" 

cr 

0  00069 

NO,' 

0.00064 

U' 

aoi' 

0.00057 

Ag* 

Cr,Oi" 

OH' 

Cu" 

0,00181 
0  00031 

The  velocities  of  certain  ions  have  been  detennincd  directly. 
Thus,  the  velocity  of  the  hydrogen  ion  was  measured  by  Lodge  • 
in  the  following  manner:  —  The  tube  B,  Fig.  94,  40  cm.  long  and 
8  cm.  in  diameter,  waa  graduated  and  bent  at  right  angles  at  the 


» 


:.":^::^ '■':■"'! 'i-'j.j''^''  "■!-''^!^. 


Fig.  94. 

ends.  This  was  filled  with  an  aqueous  solution  of  sodium  chloride 
in  gelatine,  colored  rod  by  the  addition  of  an  alkaline  solution  of 
phenolphthalein.  When  the  contents  of  the  tube  had  gelatinized, 
the  latter  was  placed  horizontally,  connecting  two  beakers  filled 
with  dilute  sulphuric  acirl  a.s  shown  in  the  diagram.  A  current 
of  electricity  was  passed  from  one  electrode  A  to  the  other  elec- 
trode C. 

The  hydrogen  ions  from  the  anode  vessel  were  thus  carried  along 

the  tube,  and  discharged  the  red  color  of  the  phenolphthalein  as 

they  migrated  toward  the  cathode.    In  this  manner  the  velocity 

*  Brit.  Aflsoc.  Report,  p.  393  (1886). 
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of  the  hydrogen  could  be  obaerved  under  a  known  potential  gra- 
dient. The  oltsened  and  calculated  values  agree  ejccellently.  It 
was  shown  that  the  velocity  of  the  hydroge-n  ionit  suffered  almost 
no  retardation  from  the  high  viijcosity  of  the  gelatine  solution. 
Whethaui,*  in  his  experiments  on  ionic  velocity,  employed  two 
solutions  one  of  which  possessed  a  colored  ion,  the  pn^css  of  the 
latter  t>eing  ol>8crved  and  its  velocity  determined  under  unit 
pot«itial  gradient.  For  example,  consider  the  boundary  line 
between  two  equally  dense  solutions  of  the  electrol>*tea  AC  and 
BC,  C  being  a  colorless  and  A  a  colored  ion.  When  a  current 
passes  through  the  boundary'  lietween  the  two  electrolytes,  the 
anion  C  will  ntigrat4>  toward  the  i>o«tive  electrode  while  the  two 
cations,  A  and  B,  will  migrate  toward  the  negative  electrode 
and  the  color  boundary  will  move  with  the  current,  its  speed  being 
equal  to  that  of  the  colored  ion  A .  In  this  way  Whetham  measured 
the  absolute  velocities  of  the  ions,  Cu",  CrjO:",  and  CK-  Ionic 
velocities  have  also  been  determined  by  Steele  f  '-'ho  obser\'ed 
the  change  in  the  index  of  refraction  of  the  solution  a^  the  ions 
migrated.  The  accompanying  table  gives  a  comparison  of  the 
calculated  and  observed  velocities  of  some  of  the  ions. 


Ion 

Velocitv  (otM.l. 

V«loeily  (eale.). 

H*  

0.002fi 
0.00099 
0.00058 
0.00047 

cm.  ti«r  no- 
0  0032 

Cu" 

Cr,0," 

0  00031 
0  00069 
0.000473 

[ 


Conductance  and  Ionization.      We  have  already  seen  that 

solutions  of  strong  acids,  strong  l>ases  and  salts  exert  abnormally- 
great  osmotic  pressures.  .Vccording  to  the  molecular  theorj-,  this 
abnormal  osmotic  activity  has  been  ascribed  to  the  presence  in 
the  solutions  of  a  greater  number  of  dissolved  particles  than  would 
be  anticipated  from  the  siu]plo  molecular  formulas  of  the  solutes. 
The  ratio  of  the  observed  to  the  theoretical  osmotic  pressure  was 
represented,  according  to  van't  HofT,  by  the  factor  "i." 

*  Phil.  Trans.  A  ,  184,  337  (1893);   196,  507  (1895). 

t  rhU.  Trans.  A.,  198,  105  (1902). 


In  1887,  Arrhenius  showed  that  there  is  an  intimate  connection 
between  electrical  conductance  and  abnormal  osmotic  activit>', 
only  thase  solutions  conducting  the  electric  current  which  exert 
abnormally-high  osmotic  pressures.  It  had  already  b)een  pointed 
out  by  KoblrauBcb,  that  the  equivalent  conductance  of  a  solution 
increases  at  first  with  the  dilution  and  then  ultiriiately  becomes 
constant.  Arrhenius  explainetl  this  Ijchavior  by  iissuniing  that 
the  molecules  of  the  solute  are  dissociated  into  ions,  the  con- 
ductance of  the  solution  l>eing  solely  dependent  upon  the  number 
of  ions  present.  The  dissociation  increjises  with  tin*  dilution  imtil 
6nal)y,  when  the  equivalent  conductance  has  rcjiched  its  maximum 
value,  it  is  complete*,  the  molecules  of  solute  Ix-iiig  entirely  broken 
down  into  ions.  This  theory  of  Arrhenius,  known  as  the  theorj' 
of  electrolytic  dissociation,  is  based,  as  has  been  pointed  out, 
upon  the  views  advanced  by  Clausius.  Arrhenius  showed  how 
the  degree  of  dissociation  of  an  electrolyte  can  be  calculated 
from  the  electrical  conductance  of  its  solutions.  According  to  the 
theorj'  of  electrolytic  dissociation,  the  conductance  of  a  solution 
ifi  dependent  upon  the  number  of  ions  present  in  the  solution, 
upon  their  charges,  and  upon  their  velocities.  iSince  the  electric 
charges  carried  by  equivalent  amounts  of  the  ions  of  different 
elect roij'tes  are  equal,  and  since  the  veltM-ities  <jf  the  ions  for  the 
some  electrolyte  are  practically  independent  of  the  dilution  of  the 
solution,  it  follows  that  the  increase  in  equivalent  conductance 
with  dilution  must  de^wnd  almost  wholly  upon  the  incrtisse  in  the 
number  of  ions  present. 

The  equivalent  conductance  at  iiifinite  dilution  has  been  shown 
by  the  law  of  Kohlrausch  to  be 

A<«  =  /.  -f  /«, 
and,  therefore,  the  equivalent  conductance  at  any  dilution  v,  must 
be 

A.  =  a  (4  +  k), 

where  a  is  the  degree  of  dis.sociation  of  the  electrolyte.     Dividing 
the  second  equation  by  the  first,  we  obtain 


I 
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This  equation  enables  ufi  to  calculate  the  degree  of  iooizatiaa  of 
an  electrolyte  at  any  dilution,  pro%*kded  the  conductaaoe  of  the 
solution  at  the  particular  dilution  is  known,  together  with  it£ 
oonductance,  at  infinite  dilution.  For  example,  A,  at  IS"  for  a 
molar  solution  of  sodium  chloride  is  74.3,  and  A«  is  1 10.3;  there- 
fore, a  =  74.3  -7-  1 10.3  —  0.673,  or  in  a  molar  solution,  the  mole- 
cules oi  sodium  chloride  are  dissociated  to  the  ext^tit  of  67.3  per 
cent.  A  comparison  of  the  values  of  i'  based  upon  conductance 
and  osmotic  data  has  ab'eady  been  given  in  the  table  on  page  230. 
Since  A,  =  a  ({«  +  Ha)*  we  may  also  write 


A. 


o  (u  +  p)  • 


I 


The  Dissociation  of  Water.     Water  behaves  as  a  very  weak 
binary  electrolyte,  dissociating  according  to  the  equation, 

H,0?=tH-  +  OH'. 

The  specific  conductance  of  water,  purified  TAith  the  utanost  care, 
huH  been  detennined  by  Kuhlrausch  and  Heydweiller.*  Their 
results  are  given  in  the  fulluwing  table:  ^ — 


P 


A»ttam. 

Spaci&D  Cooduci- 

0 
18 
25 
34 

50 

0  014 
0,04U 
0  055 
0.0S4 
0.170 

4 


The  conductance  of  pure  water  at  0*  is  so  small  that  one  miUi- 
meter  of  it  has  a  resistance  equal  to  that  of  a  copper  wire  of  the 
same  cross-section  and  40,000,000  kilometers  in  length,  or  in 
other  words,  long  enough  to  eneircle  the  earth  one  thousand  times. 
Knowing  the  specific  conductance  of  ^^-ater,  its  degree  of  dissoci- 
ation can  be  easily  calculated.  The  ionic  conductances  of  the 
two  ions  of  water  at  18"  are  as  follows: —  H*  =  318,  and  OH'  = 

*  Zeil.  phyB.  Gbeu.,  m,  317  (1894). 
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174.    Therefore,  the  maximum  equivalent  conductance  of  water 
should  be 

Aoo  =  318  +  174  =-  492. 

The  equivalent  conductance  at  18°,  of  a  liter  of  water  between 
electrodes  1  cm.  apart  is,  according  to  the  data  of  Kohlrausch, 

0.04  X  l(r»  X  10»  -  0.04  X  10-»; 
therefore 

0.04  X  10-» 


492 


=  0.8  X  10"^  =  c,  the  concentration  of  the  ions, 


H'  and  OH',  in  mols  per  liter  at  18°. 

Conductance  of  Difficultly-Soluble  Salts.  In  a  saturated 
solution  of  a  difficultly^oluble  salt,  the  solution  is  so  dilute  that  in 
general  we  may  assume  complete  ionization,  or  A«  =  Ago. 

When  this  is  the  case,  we  have 

'^solutioD  —  "HiO  ~  *» 

and 

A,  =  A«  -  IOOOkF. 
Hence 

V  =    -^^    ; 
IOOOk 

or  if  m  denotes  the  concentration  in  gram-equivalenta  per  liter, 
we  have 

1       1000  k 

'"  =  v  =  ^ir* 

Thus,  Bottger  found  for  a  saturated  solution  of  silver  chloride  at 
20°,  k'  =  1.374  X  10"*.  Deducting  the  specific  conductance  of 
the  water  at  this  temperature,  we  have 

K  =  1.374  X  10-"  -  0.044  X  10"^  =  1.33  X  lO"*. 

Since  the  value  of  A«,,  at  20°,  for  silver  chloride,  determined  from 
the  table  of  ionic  conductances,  is  125.5,  we  have  . 

1000X1.33  X  10-*      ,  ^  ^  ,„  .  .      .    ™        ... 

m  = njF^ =  1.06  X  10-»  gr.-equiv.  AgCl  per  hter. 

i^o.o 
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Temperature  Coefficient  of  Conductance.  When  the  t«mper- 
alurt  of  a  B<»luliuii  of  aii  dectrolyte  is  raised,  the  equivalent  con- 
ductance usually  increases.  The  iocreaac  in  conductaiice  is  due, 
not  to  an  increase  in  the  ionization,  but  to  the  greater  velocity 
of  the  ions  caused  by  the  diminution  of  the  viscosity'  of  the  solution. 
According  to  Kohlrausch,  the  relation  Ijetween  conductance  and 
temperature  may  be  approximately  expressed  by  the  following 

equation, 

A,-A,i-il4-/3(t-18)f, 

where  |9  is  the  temperature  coefficient,  or  change  in  conductance 
for  l"  C.    Solving  the  equation  for  8,  we  have 


Solving  the  equation  for  fi,  we  have 
"       A„.((-  18)' 


TEMPERATURE  COEFFICIENTS  OF  CONDUCTANCR 


■       The  temperature  coefficients  of  several  of  the  more  common  elec- 
I       trulytes  arc  given  in  the  accompanying  table. 

r 


4 


EUetralyt*. 

TsniMiniUuv 

0.0163 
O.OIM 
0  0165 
0  0190 
0,021! 
0,0212 
0  0216 
0  0216 
00216 
0.0217 
0  0219 
0  0223 
0  0225 
0  0226 
0  023-1 
0  0250 

Hvdrot^Woric  acid 

PotosHium  chlorate 

PndLwtium  chloride 

m  The  temperature  coefficient  of  conductance  is  not,  however,  ft 

W       simple  linear  function  of  the  temperature.     The  following  cmpiri- 
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cal  equations,  expressing  <>quivalent  conduotauee  at  infinite  dilu- 
tion at  any  temperature  ( in  terms  of  the  conductance  at  18**,  have 
been  derived  by  Koblrausch :  — 


I 
I 


and 


A«,  =  A«,B,  )  1+  a  (i  -  18)  +  i5  («  -  18)»}, 
i8- 0.0163  (a -0.0174). 


When  the  values  of  A^w,  a,  and  ff,  as  determined  for  a  large 
nmid)er  of  electrolytes,  are  suiistitiitetl  in  the  above  «iuiitioii,  he 
showed  that  \^t  becomes  equal  to  zero  at  a  teriiiwrature  approx- 
imating to  —  40^  Koblrausch  suggested  that  each  ion  moving 
tlirough  the  solution  ctirritis  with  it  un  "atmosphere"  of  solvent, 
and  that  the  resistance  offered  to  the  motion  of  the  ion  is  simply 
the  frictional  resistance  l>etween  massc-s  of  pure  water.  This 
view  is  in  harmony  with  the  solvate  theory  discussed  in  an  earlier 
chapter.  Washburn  *  has  calculated  the  degree  of  ionic  h^xlration 
for  several  ions.  He  finds,  for  example,  that  the  hydrogen  ion 
carries  with  it  0.3  molecule  of  water,  while  the  lithium  ion  is 
hydrated  to  the  extent  of  4.7  molccuSes  of  water. 

Conductance  at  High  Temperatures  and  Pressures.  The 
cooductiuicc  of  several  typical  electrolytes,  at  temperatures  rang- 
ing from  that  of  the  room  up  to  306**,  have  been  niea-sured  by  A,  A. 
Noyes  and  his  co-workers.t  These  determinations  were  made  in 
a  conductance  cell  especially  constructed  to  withstand  high 
pressures. 

The  results  show  that  the  values  of  Aao  for  binary  electrolytes 
become  more  nearly  equal  with  rise  of  temperature.  This  may 
be  taken  as  an  indication  of  the  fact  that  the  ionic  velocities  tend 
to  become  more  nearly  equal  as  the  temperattire  rises.  The 
conductance  of  ternary  electrolytes  increases  uniformly  with  the 
temperature,  and  attains  values  which  are  considerably  greater 
than  those  reached  by  binar>'  electrolytes.  This  is  what  might 
be  expected,  since  if  an  ion  is  bivalent,  as  in  a  ternary  electrolyte, 
the  driving  force  is  greater,  and  the  ion  must  move  faster,  and, 
consequently,  the  conductance  must  be  greater. 

*  Jftur.  Am.  Chem.  Soc,  30,  322  (1000). 

t  Publication  of  Carnegie  instituuoD,  No.  03. 


Tbe  teropereture  coefficient  of  conductance  for  tniuuT- 
trolytes  is  greater  between  lOU*^  and  156°,  than  below  or  afaore 
tbeae  temperatures.  Tbe  temperature  coefficients  of  ternary 
electrolytes  increaaes  unifonnly  with  rising  temperature.  In  tbe 
case  of  adds  and  baaes,  the  rate  uf  inereosie  in  coQductimee  steadily 
diminiahes  aa  the  temperature  riaes.  The  ionieation  decreases 
regularly  with  riae  in  temperature,  the  tejrHperalurc  coefficient  of 
iuaizatiun  being  saiiall  between  18°  and  100*.  The  effect  of  pre9* 
sure  on  conductance  was  studied  by  Fanjung.*  He  found  that 
the  conductance  increaaes  sli^tly  with  incrcufiing  pressure. 
This  result  he  interprets  as  being  due  to  incrt'ased  ionic  velocity 
rather  than  to  an  increase  in  the  number  of  ions  present  in  tbe 
solution. 

Conductance  of  Non-aqueous  Solutions.  A  large  amount  of 
interesting  and  import^t  work  has  been  done  ui  recent  years 
upon  tbe  electrical  conductance  of  solutions  in  non-aqueous  sol- 
vents. 

It  is  impossible  to  ^ve  even  a  brief  survey  of  the  results  of  these 
investigations,  and  we  must  limit  ourselves  to  the  statement  of 
the  following  general  conclusions: — t 

(1)  The  conditions  in  non-aqueous  solutions  are  much  more 
complex  than  in  aqueous  solutions. 

(2)  In  general,  the  laws  which  have  been  found  to  apply  to  aque- 
ous solutions  also  apply  to  non-aqueous  solutions. 

(3)  Different  solvents  appear  to  have  different  dissociating 
powers. 

(4)  Tbe  dissociating  power  appears  to  run  parallel  with  the 
dielectric  constant  of  the  solvent. 

Many  interesting  phenomena  present  themselves  in  connec- 
tion with  the  conduetjince  of  electrolytes  in  mixed  solvents,  but 
for  an  af count  <»f  this  work  the  student  must  consult  the  original 
papers  of  Jones  and  Iur  students.  \ 

*  Zeit.  ph>T).  Chem.,  14.  673  (1894). 

t  "Elektrochcmie  der  tiielitwlHsrigcn  LOmingcn,"  by  G.  Carrara,  Ahr«n'fl 
"Saninnlung  Chcmischer  und  chconifich-techniacher  V'ortr&ege,"  Vol.  XU. 
X  I^lbliclltio^  ol  the  Carnegie  Institution,  No.  80. 
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Ionizing  Power  of  Solvents.  Thomson  *  rtinl  Nernst  t  pointed 
out  that  if  the  furcfs  which  liokl  the  atoms  in  iho  molecule  are  of 
electrical  origin,  then  those  liquids  which  possess  large  dielectric 
constants  should  have  correspondingly  great  ionizing  power. 
This  is  a  direct  consequence  of  Coulomb's  law  of  electrostatic 
attraction,  which  may  be  expressed  by  the  equation^ 


/- 


I 

I 


in  which  gi  and  9a  denote  two  electric  charges,  d  tlie  distance 
between  them,  /  the  force  iif  attraction  ami  A'  the  dielectric  con- 
slant.  Obviously  the  larger  A'  Ijecomes,  the  smaller  will  be  the 
value  of  /;  i.  e.,  the  more  iikety  the  molecule  will  be  to  break  down 
into  ions.  That  the  above  relation  is  approximately  true  may  be 
seen  from  the  foUo^Tng  table;  — 

DIELECTRIC  CONSTANTS. 


8olvaRt. 


faniiing  Pcnrar. 


Benzene 4< 

Ethyl  ether 

?;thyl  aJcohol..,. 

Kormic  acid 

Water 

Hydrocyanic  acid 


2  3 
4,1 

25 

62 

80 

96 


Extremely  weak 
Weak 

Fairly  strong 
Strong 
Very  strong 
Very  strong 


I 


Dutoit  and  Aston  X  have  suggested  that  there  is  a  connection 
between  the  ionizing  power  of  a  solvent  and  its  degree  of  associa- 
tion, and  Dutoit  and  Fritlerich§  conclude  that  the  values  of  A*, 
for  a  given  clectroIj*te  dissolved  in  different  solvents,  are  a  direct 
function  of  the  degree  of  asscH-iation  and  an  inverse  function  of 
the  viscosity  «>f  the  solvents.  WattT  and  the  alcohols  furnish 
good  illustrations  of  the  truth  of  this  generalization. 

•  Phil.  Mug..  36.  320  (1S93). 

t  Zeit.  phyB.  Ciirrn.,  13,  .ISt  (Ififl-t). 

t  Coinpt.  rend.,  135,  240  (1897). 

}  Bull  Soc.  Chim.  [3],  i9>  321  (1898). 
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Conductance  of  Fused  Salts.  While  solid  salts  are  exc 
ingiy  poor  couiiuciors  uf  electricity,  yet  us  the  temperature  is 
raised  their  conductance  increases  until  at  their  melting  point 
they  may  be  grouped  with  good  conductors.  There  is  no  sudden 
increase  in  conductance  at  the  melting  point.  The  specific 
conductance  of  a  fused  salt  may  exceed  the  specific  conductance 
of  the  most  concentrated  a(iueoiis  sjlutions,  hut  owing  to  the  high 
conwntration  the  equivalent  conductance  is  much  less.  The 
foliiiwing  table  gives  the  specific  and  equivalent  conductance  of 
fused  silver  nitrate:  — 


Tanip«riiiure, 

Sp.  Cood. 

Bqniv.  Cmd. 

218  (melt,  pt.) 

250 

300 

350 

0  681 

IJ  R34 

1  049 
1   24:) 

29  2 

36  1 
46.2 
554 

The  specific  conductance  of  a  60  per  cent  aqueous  solution  of 
silver  nitrate  at  18"  is  0.208  reciprocal  ohms. 

If  the  salts  are  impure  the  conductance  is  raised,  the  effect  of 
impurities  being  apparent  even  before  the  sjilts  have  reached  their 
melting  points.  This  is  analogous  to  the  l>ehavior  of  solutions, 
and  suggests  that  the  impurity  functions  in  the  salt  mixture  as  a 
dissolved  solute.* 

PROBLEMS. 

1.  An  aqueous  solution  of  copper  sulphate  is  electrolyzed  between 
copper  electrodea  until  0.2294  gram  of  copper  is  deposited.  Before  elec- 
trolysis the  solution  at  the  anode  contained  1.1950  gmms  of  copper,  after 
electrolysis  1.3G00  grams.  Calculate  the  transport  numbers  of  the  two 
ions,  Cu"  and  SO/'.  Am.   n  =  0.28,  1  -  n  =  0.72. 

2.  A  solution  containing  0.1605  per  cent  of  NaOH  was  electrolysed 
between  platinum  electrodes.  After  electrolysis  55.25  grams  of  ihe 
cathode  solution  cont.ainr(i  0.09473  gram  of  NaOH,  wliiist  Uie  concen- 
tration of  the  middle  portion  of  the  electrol>te  was  unchanged.     In  a 

*  For  a  complete  treatment  of  UusfA  dcctrolytea  the  student  ia  advised  to 
ocKUult,  "Die  Elektrolyse  geAcbmolzcner  Salxe,"  by  Richard  Loreni. 
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silver  ooulomeler  the  equivalent  of  0.0290  gram  of  NaOH  was  depceited 
.during  electrolysis.  Calculate  the  traiiBport  numbers  of  the  Na*  and  OH' 
ions.  An^.   n  =  0.701,  J  —  n  =  0.209. 

3.  In  a  0.01  molar  solution  of  potassium  nitrate,  the  transport  num- 
bers of  the  cation  and  anion  arc,  resfx^ctivcly,  fl.503  and  0.197.  Find  the 
equivalent  conductances  of  the  two  ions  in  this  solution  having  given  that 
its  specific  conductance  is  0.001044.  Ana.  Ig  -»  52.5,  U  =  ol.9. 

4.  The  absolute  velocity  of  the  Ag'  ion  is  0.00057  cm.  per  sec,  and  that 
of  the  CI'  ion  is  0.00059  cm.  per  see.  Calculate  the  equivalent  con- 
ductance of  an  infinitely  dilute  solution  of  silver  chloride. 

5.  The  (equivalent  conductance  of  au  infinitely  dilute  solution  of  ain- 
moniuni  chloride  is  130;  the  ionic  conductances  of  the  ions  OH'  and  CI' 
are  174  and  65.44  respectively.  Calculate  the  equivalent  conductance 
of  ammonium  hydroxide  at  infinite  dilution.  Am.    A*  =  23S.56. 

6.  The  equivalent  conductance  of  a  molar  solution  of  sodium  nitrate 
at  18**  is  66;  its  conductance  at  infinite  dilution  is  105.3.  What  is  the 
degree  of  ionization  in  the  molar  .solution?         Ans.  a  =  62.6  per  cent. 

7.  The  specific  conductance  of  a  saturated  .-solution  of  AgCN  at  20** 
is  1.79  X  \0~*  and  the  speeific  condiictjince  of  water  at  the  same  temper- 
ature is  0.044  X  lO"*  reciprocal  ohms.  The  equivalent  conductance  at 
infinite  dilution  is  115.5.  Calculate  t!ic  solubility  of  AgCN  in  grams  per 
titer.  Arts.  2.U2  X  10'>  iq-am/liter. 

8.  The  equivalent  conductance  at  IS*  of  a  solution  of  sodium  sulphule 
containing  0.1  gram -equivalent  of  salt  per  liU'r  is  7S.4,  the  conductance 
at  infinite  dilution  w  113  reriprocfll  ohms.  What  is  the  value  of  i  for 
ihe  solution?     What  is  its  osmotic  pressure? 

Ans.  t  =  2.388;  osmotic  pressure  —  2.85  atmos. 

9.  The  freezing-point  of  a  0.1  molar  solution  of  CaCU  is  — 0*'.482. 
(a)  Calculate  the  degree  of  ionization  (freezing  point  constant  ^  1.89 
for  one  mol  per  liter),  (b)  Calculate  the  degree  of  ionization  from  the 
pr|iiivalent  conductance  at  IS*,  which  is  fi2.79  reciprocal  ohms,  whilst  the 
equivalent  conductance  of  CaCli  at  infinite  dilution  is  115.8  reciprocal 
ohms.  Ans.   {&)  a  =  0.774;    (6)  a  =  0.715. 


CHAPTER  XJX. 
ELECTROLYTIC   EQUILIBRIUM   AND   HYDROLYSIS. 

Ostwald's  Dilution  Law.     It  has  been  shown  in  preceding 

chapters  that  tbtt  law  of  masa  action  is  applicable  to  chemical 
equilibria  in  both  gaseous  and  hquid  systems.  We  now  proceed 
to  show  that  it  appUes  equally  to  electroK'tic  equilibria.  When 
acetic  acid  is  disBolved  in  water  it  dissociates  according  to  Ibe 

equati(m 

CHjCOOH  j^  CHaCOO' H- H*. 

Let  one  mol  of  acetic  acid  be  dissolved  in  water  and  the  solution 
diluted  to  v  liters,  and  let  cr  denote  the  dcRree  of  dissociation. 

Then,  the  concentration  of  the  undiaaociated  acid  is ,  and 

the  concentration  of  the  ions  is--  Applying  the  law  of  mass 
action,  we  have 


or 


(l-a)l- 


=  K, 


where  K  is  the  eqiiilibnum  or  ionization  consUinL 

This  equation  expressing  the  relation  betweeji  the  degree  of 
ionization  and  dilution,  was  derived  by  Ostwald*  and  is  known 

A* 


Since  a  =  ^^,  we  may  substitute 

Am 


as  the  Ostwald  dilution  law. 
this  value  of  a  in  equation  (1)  and  obtain  the  expression 

A,* 


A«(A, -A,)i; 


^K. 


•  Zcit.  phys.  Chem.,  2,  36  (1888);  3,  170  (1880). 
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The  dilution  law  may  be  tested  by  substituting  the  value  of  a, 
oorrespondinK  to  any  dilution  v,  in  the  equation  and  calculating 
the  value  of  the  ionization  eonatant,  K;  the  value  of  a  at  any 
other  dilution  may  then  be  calculated  and  compared  with  the 
value  determinedly  direct  experiment.  The  foUowbg  table  gives 
the  results  obtained  with  acetic  acid  at  14°.l,  K  being  tnjual  to 
0.0000178:  — 


•  tia  litora). 

oXlO*  <odo.). 

■XlO*  (ol».). 

n  904 

0.42 

0  40 

2,02 

o.eo 

0  614 

16  9 

I. a? 

I  06 

18.1 

1.7S 

1  78 

1,500.0 

150 

14.7 

3,010  0 

20.2 

20. fl 

7,4S1)  0 

■.H)  5 

30  1 

15,000,0 

40 . 1 

40  8 

As  will  be  seen,  the  agreement  between  the  observed  and  cal- 
culated values  is  very  close.  The  table  also  shows  to  how  small 
an  extent  the  molecules  of  acetic  acid  are  broken  down  into  ions, 
a  molar  solution  being  dis3oeiat<Hi  less  than  0.5  per  cent.  The 
I  dilution  law  holds  for  nearly  all  organic  acids  and  bases,  but  fails 
to  apply  to  salts,  strong  acids,  and  strong  bases.  When  a  is 
Binall.  the  tenn  (1  -  a)  does  not  differ  appreciably  from  unity, 
and  equation  (1)  becomes 


or 


=  VJE 


(3) 

On  the  other  hand,  when  a  cannot  be  neglected,  we  have,  on 
solving  equation  (2)  for  a, 


.=  -f+^  + 


4 


(4) 


The   method   of  derivation  indicates   that  the  dilution   law  is 
only  strictly    applicable    to    binary   electrolytes   and,   therefore, 
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it  is  improbable  that  it  will  bold  for  clectroljles  yielding  more 
thun  two  ions.  It  has  been  found,  however,  that  organic  acida 
whether  they  are  mono-,  di-,  or  polybaaic  always  ionize  as 
a  monobasic  acid  up  to  the  dilution  at  which  a  =  50  pff 
cent.  This  means  that  the  dilution  law  is  applicable  to  poly- 
basic  acida  up  t«  that  dilution  at  which  the  acid  is  50  per  cent 
ionized. 

Strength  of  Acids  and  Bases.  There  are  several  methods  by 
which  the  relutive  strengths  of  acids  can  be  estimated.  A  method 
which  has  proved  of  great  value  is  that  in  which  two  differcat 
acida  are  allowed  to  compete  for  u  certain  base,  the  amount  (A 
which  is  insufficient  to  saturate  bt>th  of  them.  Suppose  equiva- 
lent weights  of  nitric  and  dichloracetic  acids  together  with  sufiScieat 
potassium  hydroxide  to  saturate  one  acid  completely  are  taken: 
we  then  determine  the  position  of  the  equihbrium  represented  by 
the  equation 


HNO,  -f  CHCls .  COOK  ^  CHCU  •  COOH  +  KNO,. 


rin  order  to  determine  the  conditions  of  equilibiium  we  may  make 
use  of  any  method  which  does  not  disturb  this  equilibrium.  Since 
ordinary  cheniictil  methods  are  excluded  on  this  account,  we 
employ  any  physical  property  which  is  capable  of  exact  measure- 
ment and  differs  sufficiently  in  the  two  systems,  as  for  example, 
the  change  in  volume,  or  the  thermal  change,  accompanjing 
neutralization.  Thus,  Ostwald  *  found  that  when  one  mol  of 
potassium  hydroxide  is  neutralized  by  nitric  acid  in  dilute  solu- 
tion, the  voluIIH^  increases  approximately  20  cc.  ^\Tien  one  mol 
of  potassium  hydroxide  is  neutralized  by  dichloracetic  acid,  how- 
ever, the  increase  in  volume  is  13  cc.  It  is  evident,  therefore,  that 
if  nitric  acid  completely  displnces  dichloracetic  acid  as  represented 
by  the  above  e(]uutit>n,  the  increase  in  volume  will  be  20  —  13 
^  7  cc;  if  no  displacement  occurs,  then  the  volume  will  remain 
constniit.  He  found  that  the  volume  actually  increased  5.67  co. 
Therefore,  the  reaction  represented  by  the  upper  arrow  has  pn>- 
oeeded  to  the  extent  of  5.67  -~  7  *  80  per  cent.    That  is  to  aay, 


*  Jour,  prakt.  Cbem.  12],  i8,  328  (1878). 


rin  the  compotition  of  the  two  acids  for  the  base,  the  nitric  acid 
has  taken  80  per  cent  and  the  dichtoracetic  acid  has  token  20  per 
cent,  or  the  relative  strengths  of  the  two  acids  are  in  tiie  ratio  of 
80:20,  or  4  :1. 

The  relative  strengths  of  acids  can  also  be  determined  from  their 
catalytic  effect  on  the  rates  of  certain  reactions,  such  as  the 
hydrolysis  of  esters  or  the  inversion  of  cane  sugar. 

The  order  of  the  activity  of  acids  is  the  same  whether  measured 
by  equihbrium  or  kinetic  niethwls.  Arrhenius  i)ainte<l  out  that 
the  relative  strengths  of  acids  can  be  readily  determiutd  from 
ft  their  electrical  conductance.  The  order  of  the  strengths  of  acids 
r  as  determined  by  equilibrium  and  kinetic  methods  is  the  same  as 
that  of  their  electrical  conductances  in  equivalent  solutions. 
This  is  well  iillustrateil  by  the  following  table  in  which  the  three 
methods  are  compared,  hydrochloric  acid  being  taken  as  the 
standard  of  compari.son:  — 


1 
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■  HQ 

HNO, 

H,SO* 

CHjClCOOH 
CH.COOH 


Hathod  Employed. 


Kquilibrium. 


100 

100 

40 

9 


Klii«Uo. 


100 

100 
63  6 
4.8 
0.4 


ConditctMK*. 


100 

09.6 

65  1 

4.8 

1.4 


P  The  results  of  these  and  other  experiments  warrant  the  con- 
clusion that  the  strength  of  an  acid  is  determined  by  the  number 
-  of  hydrogen  ions  which  it  yields.  It  is  important  to  note  that  the 
P  electrical  conductance  of  an  acid  is  not  directly  proportional  to 
ita  hydrogen  ion  concentration;  the  relatively  high  velocity  of 
the  H  ion  is  the  cause  of  the  approximate  proportionality  between 
these  two  variables.  In  the  case  of  a  weak  acid,  the  value  of  the 
ioruzation  constant  may  be  taken  as  a  measure  of  the  strength  of 
the  acid.  The  following  table  gives  the  values  of  the  ionization 
constants  at  25°  for  several  difTerent  acids. 
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AtiA. 

0.0000180 

0.00155 

1.21 

0.0037 

0.000214 

3040X10^ 

670xl0-» 
13xlO-« 

1.3xlO-« 

Monochloracetic  acid 

Phuiol 

Since  for  a  weak  acid,  a  =  VvK,  it  follows  that  for  two  ^weak 
acids  at  the  same  dilution,  we  may  write 


=  vf' 


or  the  ratio  of  the  degrees  of  ionization  of  the  two  acids  is  equal  to 
the  square  root  of  the  ratio  of  their  ionization  constants.  Thus, 
from  the  data  given  in  the  foregoing  table  for  acetic  and  mono- 
chloracetic acids,  we  have 

oi  _  . /0.000018  ^  J_ 

at      V  0.00155       9.3' 
or  the  effect  of  replacing  one  atom  of  hydn^n  in  the  methyl 
group  of  acetic  acid  increases  tlic  strength  of  the  acid  about  nine 
times. 

Just  as  the  hydrogen  ion  concentration  of  acids  determines  their 
strength,  so  the  strength  of  bases  is  determined  by  the  concen- 
tration of  hydroxyl  ions.  The  strengtli  of  bases  may  be  estimated 
by  methods  similar  to  those  employed  in  determining  the  strength 
of  acids.  Thus,  two  different  bases  may  be  allowed  to  compete 
for  an  amount  of  acid  sufficient  to  saturate  only  one  of  them ;  or 
a  catalytic  method  devcloiied  by  Koelichen  *  may  he  used.  This 
method  is  based  upon  the  effect  of  hydroxyl  ions  on  the  rate  of 
condensation  of  acetone  to  diacetonyl  alcohol,  as  represented  by 
the  equation 

2CH,C0CHj  =  CH,COCHiC  (CH3),0H. 
*  Zeit.  phya.  Chem.,  33,  129  (1900). 
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In  addition  to  these  two  methods,  the  method  of  electrical  con- 
ductance is  also  applicable.  The  agreenieut  Ix^twcon  the  result* 
obtained  by  the  three  methods  is  quite  ,salisfacl«»ry.  Tlic  alkali 
and  alkaline  earth  hydroxides  are  very  strong  bases  and  arc  dis- 
sociated to  about  the  same  extent  as  eijuivalent  solutions  of 
hydrochloric  and  nitric  acids,  while  on  the  other  hand,  ammonia 
and  many  of  the  organic  buses  are  very  weak.  The  following 
table  gives  the  ionization  constants  of  several  tyi)ical  bases:  — 

lONIZATIOX  CONSTANTS  OF  BASES. 


3 


Bam. 

loMiMttioa 
CooeUiit. 

0.000023 

0.00050 

0,000074 

2.6X10-" 

1.1X10-" 

I 

I 


Mixtures  of  Two  Electrolytes  with  a  Common  Ion.  Just  as 
the  dissociation  of  a  ga&eous  substance  is  diminished  by  the  addi- 
tion of  an  excess  of  one  of  the  products  of  dissociation,  so  the 
ionization  of  weak  acids  and  bases  is  depressed  by  the  addition  of 
a  salt  with  an  Ion  common  to  the  acid  or  tlie  base.  If  the  de^ee 
of  ionization  of  a  salt  with  an  ion  In  common  with  an  acid  or  a 
base  is  represented  by  a\  and  n  denotes  the  number  of  molecules 
of  salt  present,  then  the  equation  of  equilibrium  of  the  acid  or 
base  win  be 

(na'  +  Of)  a  =  Kv  (1  —  at), 

where  a  is  the  decree  of  ionization  of  the  acid  or  base.  For  very 
weak  acids  and  bases,  a  is  so  small  that  1  —  a  docs  not  differ 
appreciably  from  unity,  and  since  a  is  practically  independent  of 
the  dilution,  we  obtain 

na  =  Kv 


a  — 


Kv 

n 
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That  is,  the  ionization  of  a  weak  acid  or  base,  in  the  presence  of 
one  of  its  salts,  ia  approximately  inversely  proportional  to  tiie 
amount  of  salt  present. 

In  many  of  the  processes  of  anal>*tical  cheraistn',  advantage  is 
taken  of  the  action  of  neutral  salts  on  the  ionization  of  weak  acids 
and  ha^es.  Thus,  while  the  concentration  of  hydroxy']  ions  in 
ammonium  hydroxide  is  sufficient  to  precipitate  magnesium  hy- 
droxide from  solutions  of  magnesium  salts,  the  presence  of  a  small 
amount  of  ammonium  chloride  depresses  the  ionization  of  the 
ammonium  hydroxide  to  such  an  extent  that  precipitation  no 
longer  takes  place. 

Isohydric  Solutions.  Arrhenius  *  was  the  first  to  point  out 
what  relation  must  exist  between  solutions  of  two  electrol>'tes 
with  a  common  ion,  in  order  that,  when  mixed  in  any  proportions, 
they  may  not  exert  any  mutual  influence.  He  showed  that  when 
the  concentration  of  the  common  ion  in  each  of  the  two  solutions 
is  the  same  before  mixing,  no  alteration  in  the  degree  of  ionization 
will  occur  after  mixing.  Such  solutions  are  said  to  be  isohydric. 
Thus,  an  aqueous  solution  containing  one  mol  of  acetic  acid  in 
8  liters,  is  isohydric  with  an  aqueous  solution  containing  one  mol 
of  hydrochloric  acid  in  667  liters.  On  niixing  these  two  solutions 
the  hydrogen  ion  concentration  remains  unchanged,  and  if  the 
mixture  is  treated  with  a  small  amount  of  sodium  hydroxide, 
equal  amounts  of  sodium  acetate  and  sodium  chloride  will  be 
formed. 

That  isohydric  solutions  may  be  mixed  without  altejing  their 
respective  ionizations  may  i>e  shown  in  the  following  manner:  — 
Let  C  and  c  denote  the  concentrations  of  the  undissociated  por- 
tions, and  Ca,  Cs,  ca,  and  cj  denote  the  concentrations  of  the  dis- 
sociated portions  of  two  electrolytes,  and  let  Ci  and  a  correspond 
to  two  different  ions. 

Then,  we  have 

ke  =  c^cb,  (1) 


KC  -  CACt. 
Wied.  Ann.,  30,  51  (1887). 


I 


If  V  liters  of  the  first  solution  }>c  mixed  with  V  liters  of  the  second 
solution,  the  concentrutioas  uf  tlie  undissociated  portions,  and  of 
the  dissimilar  ioDfi,  will  be 

Cv  ct)  CtV 

YT^'  YTl'  VTv'    *"'"  yT~v' 

while  the  concentration  of  the  common  ion  .4,  lieeoines 

V-\-v 
Applying  the  law  of  mass  action,  we  have 

KC  —  — ?^— : Cxt  * 


I 


and 


KC 


CaV±cav 


c,. 


(4) 


But  equations  (3)  and  (4)  only  become  identical  with  equations  (1) 
and  (2)  when  C^  =  ca,  or  in  other  words,  no  change  in  the  degree 
of  dissociation  takes  pliwe  after  the  two  solutions  are  mixed. 

lonizatioQ  of  Strong  Electrolytes.  It  has  already  been  men- 
tioned that  the  Ostwald  dilution  law,  whit^h  is  a  direct  conse- 
quence of  the  law  of  mass  action,  applies  only  to  weak  electrolytes. 
Just  why  the  law  of  mass  action  should  fail  to  apply  to  strong 
electroljles  is  not  knowTi,  but  several  possible  causes  have  been 
suggested  to  accoimt  for  its  failure.  One  of  the  most  plausible 
explanations  is  that  advanced  by  Biltz,*  who  attributes  the 
failure  of  the  law  of  mass  action  when  applied  to  strong  electrolytes, 
to  hydration  of  the  solute.  If  the  ions  become  associated  with 
a  large  proportion  of  the  solvent,  the  effective  ionic  concentration 
would  then  be  the  ratio  of  the  amount  of  the  ion  present  to  that 
of  the  free  solvent,  instead  of  to  the  total  solvent,  as  ordinarily 
calculated.  This  view  is  in  harmony  with  cert^n  facts  which 
have  been  adduced  in  favor  of  tlie  theory  of  solvation.  While 
the  Ostwald  dilution  law  does  not  apply  to  strongly  ionized  elec- 
trolytes, certain  empirical  expressions  have  been  derived  which 
*  Zoit.  phys.  Chom.,  40,  218  (1902). 
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hold  fairiy  well  over  a  wide  range  <tf  dilutioa.    Thus,  Rudoiphi ' 
ihowed  that  the  equation 


(1 

gives  appn)ximately  coriHtnnt  values  for  K'  for  strong  electrolyte. 
The  fuUowitiK  table  givi-s  the  results  obUiincit  with  solutions  of 
silver  nitrate  at  25*;  the  numbers  in  the  third  column  being  cal- 
cuJatod  by  moans  of  the  Ostwald  dilution  law,  while  those  in  the 
fourth  eolunin  arc  calculated  by  means  of  Rudolphi's  dilution  lav^ 


» 

a 

K 

JC' 

Id 

0.8283 

0.2S3 

111 

32 

08748 

0  191 

1.16 

M 

0.8093 

0.127 

1.06 

I2» 

0.9262 

0.122 

1,07 

256 

0  9407 

0.124 

1.08 

fil2 

0.9610 

0  125 

1.00 

rhe  Rudolphk  equation  was  modified  by  van't  Hofff  to  the 


fomi 


CI  -  ayv 


^K". 


This  equation  holds  even  more  elosely  than  that  of  Rudoiphi. 
Of  the  more  recent  empirical  equations  which  have  been  derivet 
to  express  the  change  of  conductance  of  an  electrolyte  with  dilu- 
tion, Iho  equations  of  Kraus  '  and  Bates  t  deserve  special  men' 
lion.  _ 

TUit  equation  of  lOtius  has  the  following  form:  — 


\AoW 


V  Ao7?o/ 


=  ft  +  A: 


In  this  equation  A  is  the  conductance  of  the  electrolyte  whose  con- 
J  ooDtrntion  C  is  expressed  in  luols  per  Uter,  ri/ijo  is  the  ratio  of  the 
1  viecosity  of  the  solution  to  that  of  the  solvent,  and  k,  fc',  H,  and  Ai 

*  Jour.  Am.  Chem.  Soc.,  35.  1412  (1913). 
t  Ibid.,  37,  1421  (1915). 
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re  empiriral  mnstants  the  valurs  of  which  are  so  chosen  as  to 
wure  close  agn'Piiienl  bctwe<;n  the  oliscrved  and  calculated  vainos 
r  the  conductance. 
Tte  equation  of  Bates  is  similar  to  that  of  the  preceding  equa- 
ion,  except  that  the  logarithm  of  the  loft-hand  side  of  the  equation 
i  snbfititutpd  for  the  original  expression  of  Kraus.  The  equation 
f  Bates  takes  the  form :  — 


V         AoW 


Tie  constants  k,  k',  and  h  arc  purely  empirical  as  in  the  equation 
f  KrauH,  but  Ao  denotes  the  equivalent  conductance  at  infinite 
ilutiou. 
A  comparison  I>etween  the  two  equations  is  aPForded  by  the  fol- 
iwing  table  in  which  is  recorded  the  observed  and  calculated 
alues  of  the  "corrected  "  equivalent  conductance,  Atj/ijo,  for 
>lution.s  of  potassium  cliloride  at  18°. 

COMPARISON  OF  THE  EQUATIONS  OF   KRAUS  AND   BATES.  I 


c 

^/% 

A  (obn.) 

Al/W 

A,;^  (K.) 

A7yin,ia,] 

3 

0.99M 

88.3 

87  80 

87.4 

80  3 

3 

0.9806 

92  53 

00.73 

90  9 

01  0 

1 

O.0S2 

98  22 

9G.5 

96  4 

Of.  53 

0.6 

0.9«B8 

102  36 

101  32 

101  1 

101,29 

4).S 

09059 

107.00 

107,46 

107  6 

107  43 

d.i 

0.99S2 

111  07 

111.77 

I'l.O 

111.73 

0.06 

0.9091 

115.(50 

It.i  50 

115.5 

115.58 

0.02 

0  9096 

HO. 00 

110  85 

119  8 

119,83 

001 

0.0038 

122.37 

122.35 

122.4 

122.32 

0005 

0  0090 

124.34 

124  33 

12t.4 

124  38 

0002 

1  0000 

126.24 

126.24 

126.3 

126  31 

0  001 

127.27 

127  27 

127.2 

127.32 

0  0005 

128  04 

128.04 

127  6 

128,05 

0  (ixrj 

128.70 

128.70 

127.9 

128.68 

0  0001 

129.00 

129.00 

128.1 

128.06 

0.0 

129  SO 

129.50 

12S.3 

139.50 

It  will  be  ob«ervp<l  that  for  dilute  .solutions,  the  ratio  ij/tjo  is 
ractically  unity  and,  furthermore,  that  the  value  of  CA/Ao  is  so 
nail  that  the  second  term  on  tlie  nght-liatid  side  of  both  equations 

n^ligiblc  in  comparison  with  the  value  of  k. 


I 
I 


Thorriorc,  under  these  conditions,  both  equations  reduce  to  the 
fonn 

Ao  (.V  -  A)  =  •*"*^'' 
which  will  be  recognised  as  identical  with  Ostwold's  dilution  Uiv 
as  given  on  page  422. 

Heat  of  Ionization.  The  heat  of  ioniiation  of  an  electroKio 
can  be  calculated  by  means  of  the  reaction  iHOchore  equation  of 
van't  Hoff  (see  p.  324),  provided  the  degree  of  ionization  at  two 
difTercnt  temperatures  is  known. 


Since 
and 


ax' 


(l-ai)p 

it  follows  that  the  heat  of  ionization  may  be  calculated  by  means 
of  the  equation 


0- 


2.306  72     log 


«r 


M 


ofa' 


(1  -  tti)t>  ^(1  -  aa)p 


r,r. 


Arrhenius  •  has  shown  that  this  equation  also  appUes  lo  those 
electrolytes  which  do  not  obey  the  Ostwald  dilution  law.  Some 
of  the  results  obtained  by  Arrhenius  are  given  in  the  accompany- 
ing table:  — 


Elaetioirt*. 


Acetic  Bcid ! 

Propionic  acid J 

Butyric  ttcid j 


Phosphoric  acid.   . . 

Hydrochloric  acid.. 
Potassium  chloride. 
Potaasiuin  bromide. 
Potansiunm  i<Mliflp. . . 
Sodium  chloride.  . 
Sodium  hydroxide, . 
Sodium  ftceiate. . . . . 


■\ 


Tcoiimmlitiv.         CUoriM. 


35" 

386 

2I".5 

-28 

35" 

567 

2I^5 

183 

35*- 

935 

2P.5 

427 

36" 

2458 

21".5 

3108 

35* 

lOSO 

35' 

362 

35' 

425 

35° 

916 

35° 

454 

36' 

1392 

35* 

391 

•  Zeit.  phys.  Chem.,  4.  06  {1880). 
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It  will  be  found  thai  the  values  of  llie  heats  of  ionization  fpven 
in  this  table  do  not  agree  with  the  values  calculated  for  these 
same  Bubcitances  from  the  data  given  in  the  table  on  page  307. 
The  reason  for  this  lack  of  agreement  is,  that  the  data  of  tlie  earlier 
table  refer  to  the  heat  of  formation  of  the  ions  from  the  dissolved 
substance,  whereas  the  data  of  the  table  just  given  represent  the 
combined  thermal  effects  of  solution  and  ionization. 

The  Solubility  Product.  While  the  law  of  mass  action  does 
not  in  general  apply  to  the  equilibriimi  betwetm  the  dissociated 
and  undissociated  portions  of  an  electrolyte,  —  except  in  the  case 
of  organic  acids  and  bases,  —  it  does  apply  with  a  fair  degree  of 
accxiracy  to  saturated  solutions  of  electrolytes. 

A  saturated  solution  of  silver  chloride  affords  an  example  of 
such  an  equiUbrium.  This  salt  is  practically  completely  ionized 
in  a  saturated  solution,  as  represented  by  the  equation 

AgCI;=*Ag-  +  CI'. 

Applying  the  law  of  mass  action  to  this  equilibrium,  we  obtain 


CAg*  X  cci 

C\gCl 


=  /C. 


Since  the  solution  is  saturated,  the  value  of  ca^ci  must  remain 
constant  at  constant  tiimptTature,  and  therefore 

c.\k'  X  f^cv  =  constant  =  «, 

where  the  product  of  the  ionic  concentrations  s  is  called  the  aciu- 
biliiy  or  ionic  produd. 

The  equilibria  in  the  above  heterogeneous  system  may  be  repre- 
sented thus:  — 


Ag'  +  Cl'; 


=tAgCI*=i 

(in  Milutionf 


AgCl. 

UuUd) 


The  solubility  product  for  silver  chloride  at  25*  is  1.56  X  lO"'' 
the  ionic  concentrations  being  expnssHtd  in  mols  |)er  liter.  Hence, 
since  the  two  ions  are  present  in  equivalent  amounts,  a  saturated 
Notution  of  silver  chloride  at  25'*  must  contoiin  Vl.AG  x  10"** 
s=  1.25  X  10~'  mols  per  liter  of  Ag'  and  QV  ions.     In  generalj  if 
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npnKntc  the  eqixilibriuni  betin»n  mi  ckctrulyte  and  its  products 
of  diMOcUtioo  in  aatumted  Boluiioo,  we  have 

The  Molulnlity  produd  may  be  defined  aa  the  maximum  product  of 
the  ionic  concentratiuM  oj  an  eledrolyie  whidi  can  exitt  ai  any  ont 
UmperaUue, 

Juflt  A»  the  diaM>dation  of  a  gafwous  sobstanoe  or  of  an  organic 
acid  is  depressed  by  the  addition  of  one  of  the  products  of  dis- 
•oriation,  no  when  a  substance  with  a  conunoa  ion  ia  added  to  the 
Baturatcd  solution  of  an  electrolyte,  the  diwociation  'ts  depresKd 
and  the  un dissociated  substance  is  precifHtated. 

The  following  example  will  serve  to  iUostrate  how  the  solu- 
bility product  of  a  sulxittancc  can  be  determined,  and  how  the 
clmnice  in  Holubility  due  to  the  addition  of  u  !fut)6tance  oontaining 
a  couuuoD  ion  inuy  \m  euleulutt-'d.  The  solubility  of  silver  bromate 
at  25*  is  O.UOSl  mol  i>cr  liter.  If  we  assume  complete  ionization, 
the  concentration  of  the  ions,  Ag*  and  BrOs'  will  be  the  same 
and  equal  to  0.0081  mol  per  liter.,  or 

(0.0081)  (0.0081)  =>  8. 

Tlie  solubility  in  a  Rolution  of  silver -nitrate  containing  0.1  mol 
of  Ag*  iouA  can  t)e  calculated  from  the  equation 

(0.0081)'  =  (0.0081  +0.1  -  x)  (0.0081  -  x), 

where  x  represents  the  amount  of  silver  bromate  thrown  out  of  so- 
lution by  the  addition  of  0.1  mol  of  Ag'  ion.  Since  (0.0081  —  r) 
represents  the  con  cent  ration  of  Ag*  and  BrO»'  ions  aftor  the 
addition  of  the  mlver  nitrate,  it  also  repre.sents  tlie  solubility  of 
wivor  broniatc  under  similar  conditions.  The  effect  of  adding  a 
solution  of  a  soluble  bromate  containing  O.l  mol  of  BrO*'  ion  will 
bo  the  snrne  an  that  produced  by  0.1  mol  of  jVg'  ion. 

The  Basicity  of  Organic  Acids.  The  Ostwald  dilution  lau- 
holds  strirtly  for  all  monobasic  organic  acids,  and  also  for  poly- 
banic  organic;  aciilK  which  are  less  than  50  per  cent  ionized.  The 
neutral  salts  of  thtwe  acids,  however,  aw  much  more  highly  ionixed, 
anil  the  difFcrcncii  in  conrluctance  Ixjtween  two  dilutions  of  a  neu- 
tral salt  of  a  polybaaic  acid  is  greater  tlmn  the  difference  in 


electrdlytk;  fxjuilibrium  and  hydrolysis 


conductance  between  the  same  dilutions  of  u  neutral  salt  of 
a  monobasic  acid.  Ostwald  *  has  8ho\m  that  it  is  posaibtc 
to  estimate  the  basicity  of  an  organic  acid  from  the  difference 
in  the  equivalent  conductance  of  its  sodium  salt  at  two  different 
dilutions. 

As  the  result  of  a  long  Beries  of  experiments,  he  found  that  the 
difference  between  the  equivalent  conductance  of  the  sodium  salt 
of  a  monobasic  organic  acid  at  v  =  32  liters  and  at  v  =  1024  liters 
is  approximately  10  units.  Similarly,  the  difference  for  a  dibasic 
acid  between  the  same  ililutions  is  20  units,  and  for  an  H-basic 
acid  the  dififereuce  is  10  n.  Hence,  to  estimate  the  basicity  of  an 
organic  acid,  the  equivalent  conductance  of  its  sodium  salt  at  y  = 
32  Uters  and  at  i'  =  1024  liters  is  determined;  then,  if  A  is  the  dif- 
ference between  the  values  of  the  conductance  at  the  two  dilutions, 

the  basicity  will  be  n  =  ^r^  • 

The  following  table  gives  the  values  of  A  and  n  for  the  sodium 
salts  of  several  typical  organic  acids:  — 


Add. 


I 


Formic 

Acetic 

Propionic 

BeDxoic 

Quininic. 

Pyridine-tricarbuxylic  (1,  2,  3).,,.. .,«b.. ...... 

I^ridine-trimrboxylic  (I,  2,  4) 

Pyriiline-tcitracarboxylic 

Pyridini'-pt-nlat'^urboxylic". ...    , , . . . 


10.3 

1 

9.5 

1 

10.3 

1 

S.3 

1 

19.8 

2 

31.0 

a 

20.4 

3 

41. g 

4 

50  1 

6 

Influence  of  Substitution  on  lonitation.  Attention  has  already 
Ijecn  calUnl  to  the  marked  differeiH-e  in  the  strength  of  acetic 
aci<i  produced  by  the  replacejnent  of  the  hydrogen  atoms  of  the 
methyl  group  by  chlorine.  In  the  accompanying  table  the  ioniza- 
tion coustantt  for  vartou.s  .substitution  products  of  acetic  acid 
are  given:  — 

'  Zcit.  phys.  Chein..  i,  105  (1887);  a.  902  (1888). 
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Acid. 


Acetic,  CH,CCX^H 

Propionir,  CH^HjCOOH . . . . 
Chlorfu-otir.  CHiClCOOH 
Bromaeotic,  CHrBrCOOH 
Cyanatclii-,  CHjCNCOOH. .. 

Glycollic.  CH.OHCOOH 

PhcDvlacctic,  CJiiCHtCOOH 
Amirfoacetic,  CH,NH/XX)H- 


totoMaxJm 
ConaUBt  OS*). 


0  oooots 
0  oooon 

))  001 5.^ 
0  O0L38 
0  oo:<70 
0  000152 
0.000050 
3.4X10->» 


This  tahlo  alTonls  an  iiilercsting  illustmtiou  of  the  influence  of 
cUfferfiit  suljstiluents  on  the  strengtli  of  acetii;  add.  Thus,  the 
activity  of  the  acid  is  increased  by  the  replacement  of  alkyl  hydro- 
gen al«ms  by  CI,  Br,  CN,  OH,  or  CJIi,  while  the  substitution  of 
the  CHa  or  NHj  groups  dimitiiiihes  its  activity.  If  we  assiune 
that  the  substitueats  retain  their  ion-fonning  capacity  on  enter- 
ing into  the  molecule  of  acetic  acid,  these  ^lifferences  in  activity 
can  be  readily  explained.  Thus,  CI.  Br,  CN,  and  OH  tend  to 
form  negative  ions,  and  hence  increase  the  n^ative  character  of 
the  group  into  which  they  enter.  On  the  other  hand,  basic  groups 
such  as  NHi,  ditniiiiish  the  tendency  of  the  group  into  which  they 
enter  to  jield  negative  ions. 

The  itiHuence  of  an  alkyl  re-sidue  on  the  strength  of  an  organic 
acid  is  conditioneii  by  its  d^^*t!^IU'e  from  the  carboxyl  group.  This 
is  well  illiLstrated  by  tlie  ioui^atioii  constants  of  propionic  acid 
and  some  of  its  derivatives. 


Add. 


Propionic  acid,  CH.CH«COOH 

Lactic  aiid.  CHiClIOHCXX)li 

p-oxypr«r>>"i'ip  ac"J>  CIM>HCHiCOOH 


IcoiiKtioa 


0  00001 U 
0  000 I3S 
0.0000311 


The  effect  of  the  OH  group  in  the  «-position  is  seen  to  be  much 
more  marked  than  when  it  occupies  the  ^-position. 

The  position  of  a  substituent  in  the  benzene  nucleus  exerts  a 
marked  influence  on  the  strength  of  the  derivatives  of  beuioic 
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acid.    The  ionization  constants  of  benzoic  acid  and  the  three 
chlorbenzoic  acids  are  given  in  the  foUowing  tabic:  — 


Add. 


Bfinsoir  acid.  CJIiCOOH 

o-Chlorbrnzoic  arid.  CiH^ClCOOH. 
m-Clilorbenzoic  acid.  C.H.CICOOH 
p-Chi  or  benzoic  acid,  C»H,C'1C'(H>H 


loaiiktion 
Cooaust  (U*>. 


0  000073 
0  00132 
0  000156 
0  000093 


■ 


When  the  halogpn  enters  the  ortho-position,  the  strength  of  the 
acid  is  greatly  augmented,  wliile  in  the  meta^  and  para-  positions 
the  efTecl  is  much  smaller,  meta-chlorbenzoic  acid  being  stronger 
than  para-chlorbenzoic  acid.  It  is  a  general  rule  that  the  influence 
of  substituents  is  always  neatest  in  the  ortho-poeition,  and  least 
in  the  meta-  and  para-  positions,  the  order  in  the  two  latter  being 
uncertain. 

Hydrolysis.  When  a  salt  formed  by  a  weak  acid  and  a  strong 
base,  auch  as  sodium  carbonate,  is  dissolved  in  water,  the  solution 
shows  an  alkaline  reaction,  while  on  the  other  hand,  when  a  salt 
formed  by  a  strong  acid  and  a  weak  base,  such  as  ferric  chloride, 
is  dissolved  in  water,  the  solution  shows  an  acid  reaction. 

The  process  which  takes  place  in  the  aqueous  solution  of  a  salt, 
causing  it  to  react  alkaline  or  acid,  is  termed  ht/drolyma  or  hydro- 
lytic  dUsociaiion.  If  MA  represents  a  salt,  in  which  M  is  the  basic 
and  A  is  the  acidic  portion,  then  the  hydrolytic  equilibrium  may 
be  represented  by  the  equation 

MA  +  H,0  ?±  MOH  +  HA. 

If  the  base  formed  is  insoluble  or  undissociated  and  the  acid  is 
dissociated,  the  solution  will  react  acid.  If  the  acid  formed  is 
insoluble  or  undissociated  and  the  base  is  dissociated,  the  sohition 
will  react  alkaline.  Finally,  if  both  base  and  acid  are  insoluble 
or  undissociated,  the  salt  will  be  completely  transformed  into  base 
and  acid,  and,  as  there  will  be  no  excess  of  either  H"  or  OH'  ions, 
the  solution  will  remain  neutral. 

It  is  e\ndent,  then,  that  hydrolysis  is  due  to  the  removel  of 
either  one  or  both  of  the  ions  of  water  by  the  ions  of  the  salt  to 
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fonn  undiflBocMted  or  insoluble  fmbstanoes.  As  fast  as  the  ions 
water  are  removed,  the  loss  U  m&de  good  by  the  dissociaticHi  of 
water,  until  eventually  a  condition  of  equflibriiim  is  estab- 
firittd.  The  oonditicHU  governing  hydrolrtic  equiUbrium  may  be 
detennined  from  a  knowiedge  of  the  aolubility  or  ionic  constant 
of  the  Mubetances  involved.  Thus,  if  the  product  of  the  concen* 
tntions  of  the  ions  M*  and  OH'  exceeds  that  which  can  eidsi  m 
pure  water,  then  some  ondisBociated  or  insoluble  substance  will 
be  fonned.  This  wiD  disturb  the  equiUbrium  of  H*  and  OH' 
ions,  and  a  further  diaeociation  of  water  must  occur  until  the 
ionic  product  of  water  is  just  reached. 

If  DOW  the  ions  H'  and  A'  do  not  unite  to  form  undissociated 
acid,  the  presence  of  an  excess  of  H'  ions  will  disturb  the  equi- 
Ubrium between  pure  water  and  its  products  of  dissociation;  or, 
linoe 

CH-   X  CoH'  *■  9lU0, 

the  concentration  of  OH'  ions  present^  when  ch-  represents  the 
total  concentration  of  H'  ions,  will  be  — —• 

Ch* 

A  Kimilm-  readjustment  will  take  place  when  an  undissodated 
or  inHoIuble  aci<l  and  a  dissociated  base  arc  formed. 

We  may  now  procwtl  to  conaider  three  different  cases  of  hydroly- 
nw,  mz.,  when  the  n^action  is  caased  (1)  by  the  base,  (2)  by  the 
acid,  and  (3)  by  both  hwa*  and  lurid. 

Casb  I.  The  formation  of  an  undisaociated  or  insoluble  base  is  pri- 
marily the  cauw  of  the  hydrolysis,  the  acid  formed  being  dissociated. 

Let  the  hydrolytic  equilibrium  be  represented  by  the  equation 
MA  +  H,0  ;^  MOH  +  HA. 
The  reat^-tion  will  proceed  in  the  direction  of  the  upper  arrow  until 
the  product,  cm-  X  coh'.  exceeds  that  which  cun  exist  in  the  ab- 
sence of  an  undissociated  base.  When  equilibrium  is  established, 
we  have 

final  CM"  X  final  Con  —  Kmou  X  cmoh  formed,  (1) 

or  if  the  base  formed  is  practically  insoluble,  the  equilibrium  equsr 
tion  simplifies  to  the  form 

final  Cm-  X  Bnal  coh'  =  ^oh,  (2) 


where  «MOB  is  the  solubility  product  of  the  base, 
of  equilibrium  represented  by  tlic  equation 

cir  X  coH'  =  ^w 
must  be  fulfilled.  It  follows  that  the  final  concentration  of  the  I 
OH'  ions  will  be  the  quotient  obtainetl  by  dividing  the  ionic  product  ^ 
for  water,  at  tlie  temi>erature  of  the  experiment,  by  the  final  con- 
centration of  the  H*  ion,  this  latter  being  wholly  depejident  upon 
the  extent  of  the  reaction  and  the  degree  of  ionijuation  of  the  acid 
formed.  If  the  degree  of  hydrolysis  of  the  salt  be  represented  by 
X,  and  the  degree  of  dissociation  of  the  unhydrolyzed  portion  of 
the  salt  be  denoted  by  a.,  tht^n,  if  one  uiol  of  Halt  be  dissolved 
in  V  liters  of  solution,  the  final  concentration  of  M'  ions  will  be 

=j and  the  final  concentration  of  the  undssiociated  base 


will  be  -p- 


The  total  acid  formed  will  be  y ,  and  if  Oo  denotes  i 


the  degree  of  di!:i±jOciatLon  of  the  acid,  the  concentration  of  the  H* 


ions  will  be  Oa^- 
(2),  we  obtain 


Substituting  these  values  in  equations  (1)  and 


SHrO    _ 


"■K 


=  ^MOH  X   y  > 


and 


a,  (1  -  «)    «H,o 


=  *MOH. 


Oay 


Simplifying  equations  (3)  and  (4),  we  have 


and 


{l-x)V'a.      JCmoh"     *' 

•  —   =    ^  ^jj  , 

-  X)    a,      Smoh 


(4)1 


an 


From  equations  (5)  and  (6)  it  appears  that  the  constant  of  hydiol- 
1  can  be  found  either  from  the  ionic  product  for  water  and  the 
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ioDization  constant  of  the  base,  or  from  the  ionic  product  For 
wat<!r  and  the  sohibility  product  of  thn  base.  Furthermore,  if  the 
base  formed  is  insoluble,  equation  (6)  shows  that  the  degree  of 
hydrolysis,  x,  is  independent  of  the  dilution  of  the  salt,  V. 

Casf.  II.  The  formalion  of  an  unduvtociaUd  or  insoluble  ac^ 
is  primarily  the  cause  of  the.  kydrolynU,  the  base  formed  beirig  dif 
Bocialed.  In  this  case  hydrolysis  takes  place  until  the  produt^t 
ch*  X  ca'  exceeds  that  wliich  can  exist  in  the  absence  of  undift* 
BOciated  acid.    When  eciuilibriuin  is  &stablishcd,  we  have    -' 

final  ch'  X  final  Cx-  =  if  ha  X  cha  formed,  (7) 

or  if  the  acid  formed  is  practically  insoluble,  the  equilibrium  equa- 
tion simpli6es  to  the  form 

final  cu"  X  final  ca*  =  sra-  (8) 

ct,(i-x) 
V      ' 


Since  the  final  Ch»  =«n^  -J-  final  coh',  we  have,  final  ca* 


final  coH'  =  oity,  where  orjk  is  the  degree  of  dissociation  of  the  baae 


formed,  and  the  final  cha 
^tions  (7)  and  (8),  we  obtain 


V 


Substituting  these  values  in  equa- 


X 


—  -K^BA  X  -TTf 


and 


a,  (1  -  x)    Sh^ 


«*7 


^HA* 


8implif>ing  equations  (9)  and  (10),  we  have 


(1  -  I)  V   c     K 


(1  -  X)    a,       sha 

It  is  evident  from  equations  (11)  and  (12),  that  the  constant  of 
hydrolysis  can  be  found  either  from  the  ionic  product  for  water  and 
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the  ionization  constant  of  the  acid,  or  from  the  ionic  product  for 
water  and  the  solubility  product  of  the  acid. 

Case  111.  The  formation  of  an  add  and  a  base,  bolh  being 
slightly  diasodaled,  is  the  cause  of  the  hydrolysis. 

Id  thia  case  let  iis  HS.snmc  that  Kiw  is  smaller  than  /Cmoii- 

Since  the  final  cow=  ^^'""  ^  '^'""" ,  and  since  both  HA  and  MOH 

Cm* 

are   slightly  dissociated,    we  may   write  cha  =  cmoh  ~  y,   and 

ca»  =  Cm-  = y 

Substituting  these  values  in  equation  (7)»  we  obtain 

Mlpx).  _»»£_,  ^^^^|.  (13) 

A  MOH  y 


<u{l-x) 


r 


V 

Simplif\*in(r  equation  (13),  we  obtain 
x^         1  sh^ 


(1  —  x)    a*      Kha  X  Kmoh 


-  Kk.  (14) 


From  equation  (14)  we  see  that  the  constant  of  hydrolysis  can  be 
found  from  the  ionic  product  for  water  and  the  ionization  constants 
of  the  acid  and  the  base.  If  both  acid  and  base  are  practically 
insoluble,  the  reaction  will  l>c  complete  at  all  dilutions. 

As  an  illustration  of  the  application  of  the  foregoing  equations, 
we  may  take  the  calculation  of  the  degree  of  hydrolytic  dissociation 
of  potassium  cyanide  in  U.l  molar  solution  at  25**.  Potassium 
cyanide  being  a  salt  of  a  weak  acid,  the  degree  of  hydrolysis  can 
be  calculated  by  means  of  the  equation 

i  at  25»,  Kha  =  13  X 
have 


(1  -X)V'  a.        KuA 

Since  at  25*,  Kha  =  13  X  10""   and  «Hrf)  =  (0.91  X  IQ-^,   we 


^   ^  SfM3       (0.91  X  10-^) 
^^     Kha       13  X  lO"**  ' 
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MUt  wuK  in  difitte  MtfECKa  «M  —  d^  =  ILw^ 

ri-x,-IO         Ux  Mr" 
or 


«a9%,    A  v*ry  vjufnamaut  tuahad  b  liuit  hmaed 

OkOj^  mtik  <flM  umI  U  macr,  the  Imiddiig  rdoe  of  its  eqivv^lrBC 
eondcMtttOfA  wiD  Ut  Aj  -r-  A«,  vlKf«  ^ j  and  A«  denole  tfae  eqnv^ 
al^^  <MndrFrtai]MM  cjif  the  acid  and  bBse  fanned.  If  A  is  tlieeqiBf'- 
afefft  er/odoctanee  of  the  unfaydfol>jed  aik,  and  A*  is  the  acCul 
fXAfifidUui/yir  of  the  flah  at  tlK  aune  dihitian,  tfaeo  the  inoeaap  in 
4i/mfhn:Xsa>t:f.  f^ffrmfpoa^ag  to  a  degree  of  li3tdiU>aig  x  win  be 
.\k  —  .\.  Tkif.  valijfc  of  A  mar  be  fotind  by  detamming  the 
f'4ftif\fif^AJic^.  f4  thf:  salt  in  the  presence  of  an  exce%  of  one  of  the 
\ft*ff\w^p.  (4  hy'JroIyids  and  deducting  fran  it  the  ccnductance  of 
t)t^.  Kuf^tAnw  !uUif:fl.  .Since  if  the  hydrolysis  were  c<xnplete,  the 
wjiiival^rnt  ';*/nductADce  would  be  A^  +  Ab  —  A,  we  have 

A^+  \b-  a' 

alt  <'/fndiirftancf;ft  hx;in(;  mf^amiretl  at  the  same  dilution  and  the 
wiiin:  U:u}\)*:raUir*'..  The  following  example  will  illustrate  the 
liw:  of  iliin  equation:  —  At  2-j^,  the  wjuivalent  conductance  of  an 
fUfiifouH  Hr;lijlion  of  aniline  hydrochloride  is  118.6,  the  dilution 
li^iriK  '.HI. 2  Uu-TH.  The  *rf]uivalent  conductance  in  the  presence  of 
jin  i-xri-nn  of  aniline  iw  103.6,  while  the  equivalent  conductance  of 
hyflroclilorif:  jieifl  at  the  Hamc  dilution  is  411.  The  conductance 
of  (iiin-  Htifliiif!  in  m  wnall  aw  to  be  negligible.  Substituting  these 
VftlueH  iit  Ihc.  e()uation,  we  find 

""       411  -103.6       "•"^^■ 
lAituU-ii  *  hiuM  hIiowii  how  thiw  methmi  may  be  extended  to  cases 
where  bolh  arid  iiiid  Ihihc  are  sHghtly  dissociated. 

*  Juur.  chim.  phys.,  5, 146,  674  (1907). 
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The  Ionization  Constant  of  Water.  One  of  the  most  accurate 
methods  known  for  the  determination  of  the  ionization  constant 
of  water  is  Imsed  upon  meaauremenU  of  the  degree  of  hydrolytic 
dissociation  of  (hfferent  salts.  Thu»  Shields*  found  that  a  0.1 
molar  solution  of  sotUuui  acetate  is  0.008  per  cent  hydrolyzwl  at 
25".  Wo  may  conidder  the  salt,  na  woll  as  the  sodium  hydroxide 
formed  from  it«  hydrolysis,  to  be  completely  dissociated  at  this 
dilution.  The  ionization  constant  of  the  acetic  acid  formed  is 
0.000018  at  25°.  Solving  equation  (II)  (on  page  440)  for  sofi, 
and  remembering  that  a.  =  ob  =  1,  we  have 


«H,o  =  Kha  •  ■ 


(1  -  X)  7 

Substituting  the  above  values  in  this  expression,  we  obtain 

(0.00008)* 


«H^  =  0.00001 8  • 


=  1.16  X  10-". 


(1  -  0.00008)  X  10 

and  aince  the  ions,  H*  and  OH',  are  present  in  equivalent  amounts, 
we  have 

Ch-  =  Cow  =  Vl.16  X  10""  =  1.1  X  10'  mol  per  liter. 

Kohh^usch  obtained  fixtm  his  measurements  of  the  conductance 
of  pure  water  at  25°,  ch*  =  coh-  ^  1.05  X  10'  mol  per  Uter  (see 
p.  415). 

PROBLEMS. 

1.  At  25"  the  specific  conductaucc  of  but>Tic  acid  at  a  dilution  of 
64  lit«n9  is  1.812  X  10*^  reciprocal  ohms.  The  ttjuivalent  coiiductanoe 
at  infinite  (hlution  is  380  reciprocal  ohms.  What  is  the  deRree  of  ioiiizu- 
tion  and  the  concentration  of  U*  ions  in  the  solution?  Wliat  is  Ihe  loni- 
sation  constAnt  of  the  ucid? 

Ang.  a  =>  0.0305,  cir  =  4.765  X  10"^  mol  per  liter.  K  =  1.5  X  lO"'. 

2.  The  heat  of  neutralization  of  nitric  acid  by  sodium  hydroxide  is 
13,680  calories,  and  of  dichloracetic  acid,  14,830  calories.  When  one 
equivalent  of  sodium  hydroxide  Is  added  to  a  dUute  solution  containing 
one  equivalent  of  nitric  acid  and  one  equivalent  of  dichloracetic  acid, 
13,960  calories  are  liberated.  What  is  the  ratio  of  the  atrenpths  of  the 
two  acids?  Ans.  WSO,  :  CnCljCOOH  ::  3.1  :  1. 

•  Zeit.  phys.  Cbem..  la,  167  (1893). 
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3.  For  potaasium  acetate  we  have  the  foUowiiig  data: 


I 

Xeart 

2 

10 

100 

1000 

67.1 
78.4 
87.9 
91  tt 

and  I«e  ••  64.67,  and  /^o  «  35.    Compare  the  constants  obtained  by  the 

K'  CHjOOO' 

Oetwald,  Rudolphi,  and  van't  Uoff  dilution  lavs. 

4.  The  ionization  constant  of  a  0.05  mol&r  solution  of  acetic  acid  is 
0.0000175  at  18°,  and  0.0000162-1  at  52*.  Calculate  the  heat  of  ionization 
of  the  acid.    To  what  temperature  does  this  value  correspond  7 

Am.  416  calories  at  35°. 

5.  At  20*  the  spcdfic  conductance  of  a  saturated  solution  of  silver 
bromide  was  1.576  X  10~*  reciprocal  ohmjs,  and  that  of  the  water  aaed 
woa  1.519  X  lO"*  reciprocal  ohms.  Assuming  that  uilver  bromide  is 
completely  ionized,  ciJcuUitf  the  solubility  and  the  solubility  product  of 
silver  brtMnidc,  having  given  that  th»^  equivalent  conductances  of  potas- 
sium bromide,  potassium  nitrate,  and  silver  nitrate  at  infinite  dilution 
are  137.4,  131.3,  and  121  reciprocal  olim.<i  respectively. 

Ans.  CAgUt  =»  4.49  X  10"'  mol  per  liter,  j»A«Br  =  2.02  X  lO"". 

6.  The  solubility  of  silver  cyanate  at  100"  is  O.OOS  mol  per  liter.  Cal- 
culate the  solubility  in  solution  of  potaisium  cyanate  containing  0.1  mol 
of  K'  ions.  Am.  6.4  X  10"*  mol  per  Uttr. 

7.  Calculate  the  dejcree  cf  hydrolytic  dissociation  of  a  O.I  molar  solu- 
tion of  ammonium  chloride,  having  given  the  following  data :  -~  a«  —  0^, 
a«  -  0.S7.  Knii.ou  =  0.000023,  and  «hk>  =  (091  X  IQ-O'  at  25*. 

Ans.  X  =  0.006  per  cent 

8.  In  the  reaction  represented  by  the  equation 

MA,  +  3  H,0  =  M  (OH),  +  3  HA, 


the  base  formed  is  insoluble, 
hj'drolysis. 


Derive  an  expresuion  for  the  constant  of 

(3x)» 


SM(OH), 


(1  -  x)y» 

9.  The  equivalent  conductance  of  aniline  hydrochloride  at  a  dilution 
of  197.6  liters  u  126.7  reciprocal  ohn:ks»  at  25°.    The  equivalent  coo- 
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ductance  of  amline  hydrochloride  in  the  presence  ol  an  excess  of  aoiline 
is  106.6;  and  the  equivalent  conductance  of  hydrochloric  acid  at  the 
same  dilution  is  415.  If  the  conductance  of  pure  aniline  is  n^l^ble, 
calculate  the  degree  of  hydrolytic  dissociation  and  the  constant  of  hydrol- 
ysis, assuming  a.  =  oa  =  1. 

Am.  X  =  6.52  per  cent,  Kh  -=  2.30  X  10-«. 
10.  The  hydrolysis  constant  of  aniline  is  2.25  X  10"*,  and  the  ioniza- 
tion constant  is  5.3  X  10-",    Calculate  the  concentration  of  the  H* 
and  OH'  ions  in  water.  Ana,  ccH*  =  coH'  '='  1<09  X  10~^> 


TUEOKETICAL  CHEMISTRY 
3.  For  potasaiuzn  acetate  we  have  the  follouing  data:  — 


s 

Ap<upi 

2 

10 

100 

1000 

57.1 

78.4 
S7,9 
91  9 

and  l^  —  64.67,  and  l^a  =  35.    Compare  the  constants  obtained  bj*  (be 

Ostwald,  Rudolphi,  and  van't  HofT  dilution  laws. 

4.  1^6  ionization  constant  of  a  0.05  molar  solution  of  acetic  acid  is 
0.0000175  at  IS*,  and  0.00001624  at  52".  Calculate  the  heat  of  ionization 
of  the  acid.    To  what  temperature  does  tliis  value  correspond? 

Am.  415  calorics  at  35°. 

5.  At  20*  the  specific  conductance  of  a  saturated  solution  of  silver 
bromide  waa  1.576  X  10~*  reciprocal  ohm^,  and  that  of  the  water  used 
waa  1.519  X  10"*  reciprocal  ohms.  Assuming  that  silver  bromide  is 
completely  lonizedj  calculate  the  solubility  and  the  solubiHty  product  of 
silver  bromide,  having  given  that  the  equivalent  conductances  of  potas- 
sium bromide,  potassium  nitrate,  and  silver  nitrate  at  infinite  dilution 
are  137.4,  131.3,  and  121  reciprocil  ohnw  respectively. 

Ans.  CAfBr  =  4.49  X  10"'  mol  per  liter,  sj^bt  -  2.02  X  10-". 

6.  The  solubilit>'  of  silver  cyanate  at  !00*  is  0.008  mol  per  liter.  Cal- 
culate the  sohihility  in  solution  of  pcita^ium  cyanate  contjuning  0.1  mol 
of  K*  ions.  Ans.  6.4  X  I0-*  mol  per  liter. 

7.  Calculate  thft  degree  of  hydrolytic  dissociation  of  a  0.1  molar  stJu- 
lion  of  ammonium  chloride,  ha\dng  given  the  following  data:  —  a,  »  0.86, 
oa  =  0.87,  K'nh.oh  =  0.000023,  and  tufi  =  (0.91  X  lO"')'  at  25". 

Am.  X  =  0.006  per  oent. 

8.  In  the  reaction  represented  by  the  equation 

MA.  +  3  11^  =  M  (OH),  +  3  HA, 

the  base  formed  is  insoluble.    Derive  an  expression  for  the  oonstant  of 
hydrolysis. 


sM(on], 


(3x)«       «^» 

CI  -  l)ll"  '  a. 


9.  The  equivalent  conductance  of  aniline  hydrochloride  at  a  dilution 
of  197.6  liters  is  126.7  reciprocal  ohms,  at  25®.    The  equivalent  con- 
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ductance  of  aniline  hydrochloride  in  the  presence  of  an  excess  of  aniline 
is  106.6;  and  the  equivalent  conductance  of  hydrochloric  acid  at  the 
same  dilution  is  415.  If  the  conductance  of  pure  aniline  is  negligible, 
calculate  the  degree  of  hydrolytic  dissociation  and  the  constant  of  hydrol- 
ysis, assuming  a,  =  aa  =  1. 

Am.  X  ==  6.62  per  cent,  Kk  =  2.30  X  10-». 
10.  The  hydrolysis  constant  of  aniline  is  2.25  X  lO"*,  and  the  ioniza- 
tion constant  is  5.3  X  lO""".    Calculate  the  concentration  of  the  H* 
and  OH'  ions  in  water.  Arts.  ccB*  ^  coa'  «  1.09  X  10^. 


THEORETICAL  CHEMISTRY 
3.  For  potassium  acetate  we  have  the  following  data:  — 


s 

Artie*) 

2 

10 

100 

1000 

67.1 
78.4 
87. 9 
91.9 

and  la3  =  64.67,  and  Ig^  =^  35.    Compare  the  constanta  obtained  by  the 

K'  CUJCOO' 

Ostwald,  Radolpht^  and  van't  Iloff  dilution  laws. 

4.  The  ionization  constant  of  a  0.05  molar  solution  of  acetic  acid  is 
0.000ni75  at  18%  and  n.(X)O0l624  at  52*.  Calculate  the  heat  of  ionization 
of  the  acid.    To  what  temperature  does  this  value  correspond? 

Ans.  416  calories  at  35% 

5.  At  20°  the  speciQc  couductauce  of  a  saturated  solution  of  silver 
bromide  was  1.576  X  lO"'  reciprocal  ohras,  and  that  <rf  the  water  used 
was  1.519  X  10"^  reciprocal  ohms.  Assuming  that  silver  bromide  is 
completely  ionized,  calculate  the  solubility  and  the  solubility  product  of 
silver  bromide,  having  given  that  the  equivalent  conductances  of  potas- 
sium bromide,  potassium  nitrate,  aud  silver  nitrate  at  infinite  dilution 
arc  137.4,  131.3,  and  121  reciprocal  ohms  respectively. 

.4m!.  CAaBr  =  4.49  X  10"'  mol  per  liter,  5A«Br  =  2.02  X  10"". 

6.  The  solubility  of  silver  cyanato  at  100*  is  0.008  mo!  per  liter.  Cal- 
culate the  tjolubility  in  solution  of  potassium  cyanatc  containing  0.1  mol 
of  K*  ions.  Ans.  6.4  X  10"*  mol  per  liter. 

7.  Calculate  the  degree  of  hydroljlic  dissociation  of  a  0.1  molar  solu- 
tion of  ammonium  chloride,  ha\Hng  given  the  following  data: —  a,  «  0^ 
oa  =  0.87,  KnHfiu  =  0.000023,  and  sufi  =  (0.91  X  10"')"  at  25% 

Am.  X  «  0.006  per  cent. 

8.  In  the  reaction  represented  by  the  equation 

MAa  +  3  H^  =  M  (OH),  +  3  HA, 

the  base  formed  is  Insoluble.    Derive  an  expression  for  the  oonstant  <x 

hydrolysis. 


the 

4 


4 


1*-     6*  «*H,0     _ 

Ans.  tip  = = —  =* 


(3i)« 


04 


8\HOHh        (1  —  l)t^ 

9.  The  equivalent  conductance  of  aniline  hydrochloride  at  a  dilution 
of  197.6  liters  is  126.7  reciprocal  ohms,  at  26®.    The  equivalent  con- 
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ductance  of  aniline  hydrochloride  in  the  presence  of  an  excess  of  aniline 
is  106.6;  and  the  equivalent  conductance  of  hydrochloric  acid  at  the 
same  dilution  is  415.  If  the  conductance  of  pure  aniline  is  neghgible, 
calculate  the  degree  of  hydrolytic  dissociation  and  the  constant  of  hydrol- 
ysis, assuming  a.  =  oa  =  I. 

Ana.  X  =  6.62  per  cent,  Kk  =  2.30  X  lO-*. 
10.  The  hydrolysis  constant  of  aniline  is  2.25  X  lO"*,  and  the  ionizsr 
tion  constant  is  5.3  X  10~^.    Calculate  the  concentration  of  the  H* 
and  OH'  ions  in  water.  Aiu.  ccH*  =  cob,'  =»  1.09  X  lO"*. 


CHAPTER  XX. 
ELECTROMOTIVE   FORCE. 


Galvanic  Cells.  Since  the  year  1800,  when  Volta  invented 
his  electric  pile,  many  difTerent  forms  of  galvanic  cell  have  been 
introduced. 

it  is  not  our  purpose  to  give  a  detailed  account  of  these  cells, 
but  rather  to  give  a  brief  outline  of  the  theories  which  have  been 
advanced  in  explanation  of  the  electromotive  force  developed  in 
such  cells.  When  two  metjillic  electrocies  are  immersed  in  a  solu- 
tion of  an  electrol>-te,  a  current  will  flow  through  a  wire  connect- 
ing the  electrodes,  provided  the  two  metals  are  dissimilar,  or  that 
a  difference  exists  l>etween  the  solutions  surrounding  the  electrodes. 
An  electric  current  can  be  obtained  from  a  combination  of  two 
different  metals  in  the  same  electrolyte,  from  two  different  metala 
in  two  different  electrolytes,  from  the  same  metal  in  different  eleo 
trolytes,  or  from  the.same  metal  in  two  different  concentrations  of 
the  same  electrolyte. 

In  order  that  the  electromotive  force  of  the  combination  shall 
remain  constant,  it  is  necessary  that  the  chemical  changes  involved 
in  the  production  of  the  current  shall  neither  destroy  the  difference 
between  the  electrodes,  nor  deposit  upon  either  of  them  a  non- 
conducting substance.  A  galvanic  combination  which  fulfib 
these  conditions  very  satisfactorily  is  the  Daniell  cell.  This  cell 
consists  of  zinc  and  copper  electrodes  immersed  in  solutiona  of 
their  salts,  as  represented  by  the  scheme 

Zn  -  Sol.  of  ZnSOill  Sol.  of  CuSO,  -  Cu, 

in  which  the  two  vertical  lines  indicate  a  porous  partition  separat- 
ing the  two  solutions.  When  the  zinc  and  copper  eleclro<le8  arc 
connected  by  a  wire,  a  current  of  positive  electricity  passes  from 
the  copper  to  the  Kinc  along  the  wire.  Zinc  dissolves  from  the  ainc 
electrode,  an  equivalent  amount  of  copper  being  displaced  from 

146 
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Se  8oIutinn  and  deposited  Bimultaneously  on  the  copper  electrode. 
As  long  aft  only  a  moderate  current  flows  through  the  cell,  the 

■  original  nature  of  the  electrodes  is  not  modified,  the  only  change 
which  occurs  being  the  gradual  dilution  of  the  copper  sulphate, 
owing  to  the  separation  of  copper  and  its  replacement  by  »inc. 
If  the  loss  of  copper  sulptmte  ia  replaced,  the  electromotive  force 
of  the  ceil  will  remain  constant.  Jf,  after  the  cell  is  assembled  no 
current  be  allowed  to  Bow,  the  copper  sulphate  will  slowly  diffuse 
into  the  solution  of  zinc  sulphate,  and  metallic  copper  will  ulti- 
mately be  deposited  on  the  zinc  electrode.  In  this  way  miniature, 
local  galvanic  cells  will  be  formed  on  the  surface  of  the  zinc,  and 
the  metal  dissolves  tL%  though  the  main  circuit  were  closed.  Until 
this  deposition  takes  place,  the  cell  may  be  left  on  open  circuit 

t  without  danger  of  deterioration.  Unless  chemically  pure  zinc  is 
used,  local  action  is  likely  to  occur,  owing  to  the  formation  of  local 
galvanic  couples  between  the  impurities  in  the  electrode,  —  chiefly 
iron,  —  and  the  zinc.  This  action  may  ]>e  prevented  by  amalga- 
mating the  zinc  electrode.  In  this  process  the  mercury  dissolves 
the  zinc  and  not  the  iron,  a  uniform  surface  of  the  former  metal 
being  protlu4;ed. 

■  An  interesting  experiment  due  to  Oatwald  *  illustrates  the  con- 
ditions essential  to  the  continuous  production  of  an  electric  current. 
Two  electrodes,  one  of  amalgamated  zinc  and  the  other  of  platinum, 
are  each  immersed  in  a  solution  of  pota^tsium  sulphate,  the  two 
solutions  being  separated  by  a  porous  cup.  When  the  two  elec- 
trodes are  connected  by  means  of  a  wire,  no  permanent  current 

■  pasnes.  An  inappreciable  quantity  of  zinc  goes  into  solution, 
since  any  current  must  necessarily  first  liberate  potassium  at  the 
platinum  electrode,  the  potaaaium  thus  set  free  reacting  with  the 

■  water.  This  process  requires  the  expenditure  of  more  energy 
than  the  solution  of  the  zinc  supplies.  If  sulphuric  acid  is  added 
to  the  compartment  containing  the  zinc,  the  condition  of  the 

I    system  will  be  unchanged,  the  zinc  remaining  undissolved.    If, 

on  the  other  hand,  a  few  drops  of  sulphuric  acid  are  added  to  the 

compartment    containing    the    platinum    electrode,    bubbles   of 

hydrogen  will  appear  and  the  zinc  will  dissolve  with  the  simulta- 

•  Pbil.  Mag.  (ft],  33,  145  (1891). 
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neons  development  of  an  electric  current.  This  experiment  shows 
that  in  order  that  positively  charged  'um»  Jimy  ejiter  a  solution, 
an  equivalent  amount  of  negatively  cliurged  ions  must  be  intro- 
duced, or  an  equivalent  amount  of  positively  charged  ions  must 
he  removed. 

Reversible  Cells.  Galvanic  cells  are  either  reversible  or  non* 
reversible,  according  as  the  processes  takmg  place  within  them  can 
be  reversed  or  not.  If  we  disregard  the  slow  processes  of  diffusion, 
the  Daniel]  cell  may  be  taken  as  an  example  of  an  almost  perfect 
reversible  element.  If  an  electromotive  force  slightly  less  than 
that  of  the  cell  be  applied  to  it  in  the  reverse  direction,  the  current 
within  the  cell  will  flow  from  the  zinc  to  the  copper  electrode  as 
usual.  On  the  other  band,  if  the  external  electromotive  force 
slightly  exceeds  that  of  the  cell,  the  current  within  the  cell  will 
flow  in  the  reverse  direction,  zinc  being  deposited  and  copper 
dissolved. 

Anj'  cell  from  which  gas  is  evolved  is  non-reversible,  since  the 
passage  of  a  current  in  the  reverse  direction  cannot  restore  tlic 
cell  to  its  original  condition. 

Relation  between  Chemical  Energy  and  Electrical  Energy. 
Helmholtz  and  Thomson  were  the  first  to  propose  a  theory  of  the 
action  of  the  reversible  cell.  •  According  to  this  theory  the  energy 
of  the  chemical  process  taking  place  within  the  cell  was  considered 
to  be  completely  transformed  into  electrical  energy.  It  was  soon 
shown  that  this  the*)r>'  is  inadequate,  since,  with  the  exception  of 
the  Daniell  cell,  the  chemical  energy  is  not  equivalent  to  the  elec- 
trical energ>*  produced.  SuWquently,  Gibbs*  and  Helmholtz  f 
showed  independently  that  only  in  thase  cells  in  which  the  elec- 
tromotive force  does  not  var>'  with  the  temperature,  is  the  chem- 
ical energy  completely  transformed  into  electrical  enei^.  They 
also  derived  an  equation  expressmg  the  relation  between  the 
chemical  and  electrical  energies  in  any  reversible  cell.  Let  us 
imagine  a  reversible  element  in  which  an  amount  of  heat  q,  is  either 
liberated  or  absorbed,  when  one  faraday  of  electricity  has  passed 
through  the  cell.     Let  the  cell  be  immersed  in  a  bath,  which  is  so 


*  Piw.  Conn.  Acad.,  3,  501  (1878). 

t  SitzuaKsbenoht.,  Ber.  Akad.,  aa,  S25  (1882). 
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arranged  that  the  temperature  of  the  cell  can  be  maintained  con- 
stant under  any  working  conditions.     If  the  chemical  process 
within  the  cell  ia  accompanied  by  an  evolution  or  an  absorption 
of  heat,   then  of  necessity,   heat   energ>*  must  be  removed  or 
suppUed  in  order  to  maintain  the  temperature  of  the  ^stcun 
constant.     It  is  evident  that  this  will  involve  a  oorrcHponding 
decrease  or  increase  in  the  electrical  energy  produced  by  the  cell. 
The  effect  of   the  evolution  or  absorption    of   heal   upon    the 
electrical  energy  of  the  oell  may  be  derived  in  the  following 
manner:    Let  the  cell  be  heated  from  its  initial  tempf^rature  T 
to  the  temperature  {T  -f-  dT)j  and  let  the  corresponding  change 
in  the  electromotive  force  of  the  cell  be  dE.     If  now  the  circuit  be 
closed  and  one  faraday  of  electricity  be  allowed  to  pass  through 
the  cell,  F  {E  '\-  dE)  units  of  electrical  work  will  be  done.     In 
order  that  the  temperature  of  the  cell  may  not  change,  {q  +  dq) 
units  of  heat  must  Ix^  absorbed.     The  cell  is  now  cooled  to  the 
temperature  T,  at  which  the  electromotive  force  of  the  cell  is  Et 
and  F  units  of  electricity  are  sent  through  the  cell  in  the  reverse 
direction,  thus  incre^ng  the  energy  of  the  cell  by  FE.     In  order 
to  maintain  the  temperature  of  the  cell  unchanged^  q  units  of 
heat  must  be  removed.     If  the  cell  is  completely  reversible,  when 
this  cycle  of  operations  is  completed,  it  will  be  restored  to  its 
original   condition.     The   total    work  done  during   the  cycle   is 
F  {E  -f  dE)  —  FE,  and  the  amount  of  heal  transformed  into  work 
is  (?  +  dq)  —  q;  therefore,  applying  the  second  law  of  thermo- 
dynamics, we  have 

dq_FdE  _dT 
g  Q  T' 


or 


<,  =  FT%. 


I 


(1) 


Since  the  electrical  energy  is  equal  to  FE^  the  relation  between 
this  and  Q,  the  chemical  energy  of  the  cell,  expressed  in  calories, 
becomes 


FE  =  Q-\-q. 


m 
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Substituting  in  equation  (2)  the  value  of  q  given  in  equation  (1), 
we  obtain 

dB 

^x  =  g  +  fr^, 


or 


Q         dB 


(3) 


When  ^  =  0,  J?  becomes  equal  to  ^, ,  or,  when  the  tempemlure 

coefficient  of  the  cell  is  zero,  the  electrical  energy  is  equal  to  the 
chemical  cncrgj'.  This  is  tnie  of  the  Daniell  cell,  which  has  an 
extremely  small  temperature  coefficient. 

For  cells  in  which  the  electromotive  force  varies  appreciably 
with  the  temperature,  it  is  possilde  to  calculate  the  value  of  the 
electromotive  force  at  any  tcmpemture  by  means  of  the  Gibbs- 
Helmholtz  equation,  provided  the  tem|>erature  coeificient  is  known. 
In  the  Clrovo  gas  cell,  E  =  1.0(i2  and  Q  ~  34,2lX)  calories,  hence 


'  df 


1.062- 


34,200 


96.540  X  0.2394 


=  -o.4ia 


The  value  determined  by  direct  experiment  is  —  0.416  volt.  The 
CJiiibs-Helniholtz  equation  shows  that  the  amount  of  hejit  accom- 
panying a  chemical  process  does  not  alone  furnish  a  mt^asure  of 
the  electrical  energy  which  may  be  obtained  from  it,  since  the 
heat  which  is  absorbed  from  the  surrounding  medium  may  also 
be  transformed  into  electrical  energ>',  or  the  output  of  electrical 
energy  may  be  less  than  the  heat  evolved  by  the  chemical 
reaction  within  the  cell. 

Solution  Pressure.  It  Is  a  familiar  fact  that  water  has  a 
tendency  to  assume  the  form  of  vapor,  and  if  the  vapor  be  contin- 
ually removed  from  its  surface,  a  definite  mass  of  water  will  grad- 
ually be  complet^'ly  transformed  into  the  state  of  vapor.  The 
pressure  of  the  vapor  at  any  one  temperature  is  a  measure  of  tho 
tendency  of  water  to  undergo  this  tr.ansformat!on.  This  tendency 
of  water  to  assume  another  form  than  that  in  wliich  it  actually 
exists,  is  typical  of  all  substances.  Attention  h:is  already  I>een 
directed  to  this  fact  in  connection  ^ith  the  application  of  the  law 
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of  mass  action  to  heterogeneous  equilibria.  It  was  then  pointed 
out  that  all  solids  have  a  definite  vapor  pressure  at  a  dcHtiite 
temperature,  which  is  independent  of  the  amount  of  solid  prcsojit. 
When  a  solid,  sueh  as  cane  »ugar,  is  brought  in  contact  with  water, 
it  tends  to  pass  into  solution.  This  to-ndoncy  h  constant  at 
constant  tcmiX'Tature,  since  the  aetive  nuuss  of  the  solid  is  constant. 
From  the  close  aiuilog>'  between  the  vapor  state  and  the  dissolved 
stat-e,  the  tendency  of  a  solid  to  pass  into  solution  is  teniied  the 
solution  pressure.  A  dissolveit  solid,  on  the  other  hand,  also  shows 
a  tendency  to  separate  from  the  solution  as  the  concentration 
is  increased.  When  the  solution  becomes  supersaturated,  the 
tendency  of  tlic  Holute  to  separate  in  the  solid  form  is  greater  than 
the  tendency  of  the  soliil  to  dLsaolve.  It  is  evident  from  these 
considerations  that  the  pressure  exerted  by  the  dissolved  solid 
ia  its  oemotic  pressure,  and  whether  the  solid  will  dissolve  or 
separate  from  the  solution  dejienda  upon  whether  the  solution 
pressure  is  greater  or  less  than  the  osmotic  pressure. 

This  conception  of  solution  pressure  was  introduced  by  Nemst,* 
and  in  conjunction  with  the  theurj'  of  electrolytic  dissociation  it 
has  proved  of  great  value  in  affording  a  much  deeper  insight  into 
the  mecbaniam  of  the  development  of  differences  in  potential 
within  a  galvanic  cell.  Thus,  when  a  metal  is  dipped  into  water 
it  tends  to  dissolve  owing  to  its  solution  pressure  P  and,  in  con- 
sequence of  this  tendency,  it  sends  a  certain  nmnber  of  positive 
ions  into  solution.  The  solution  thus  Ijoeomes  positively  charged, 
and  the  metal,  which  was  initially  neutral,  acquires  a  negative 
charge  due  to  the  loss  of  a  certain  amount  of  positive  electricity. 
This  process  will  cease  when  the  solution  becomes  so  strongly 
charged  with  positive  electricity  that  it  prevents  the  separation 
of  any  more  positive  ions  from  the  metal.  Relatively  few  ions 
leave  the  metal  before  equilibrium  is  established,  since  the  charge 
on  each  ion  is  so  great;  in  fact,  the  concentration  of  metal  ions  in 
the  solution  is  much  too  small  to  be  detected  analytically.  When 
a  metal  is  dipped  into  a  solution  of  one  of  its  salts,  the  conditions 
are  altered.  In  this  case,  the  positive  ions  of  the  metal  already 
present  in  the  solution  opiwse  the  entrance  of  more  positive  ions, 
*  Zeit.  ijbys.  Cbem..  4,  160  (I8S9). 
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and  the  equilibrium  between  these  two  opposing  tendencies  will 
be  conditioni^l  tiy  the  relative  values  of  the  solution  pressure  P, 
of  the  metal,  and  the  osmotic  pressure  p,  of  the  ions  of  the  dissolved 
salt. 

It  is  evident  that  the  three  following  conditions  are  possible:  — 

(1)  If  P  >  p,  the  metal  will  continue  to  send  ions  into  the 
solution  until  the  accumulated  charges  in  the  solution  opi>osc 
further  action.  The  solution  acquires  a  positive  charge  and  the 
inetaJ  a  negative  charge. 

(2)  U  P  <  p,  the  positive  ions  of  the  dissolved  salt  will  sepa- 
rate on  the  metal  until  the  accumulated  charges  oppose  further 
action.  The  metaj  acquires  a  positive  charge  and  the  solution  a 
negative  charge. 

(3)  If  P  =  p,  no  action  will  take  place  and  no  difference  of 
potential  will  be  established  between  the  metal  and  the  solution. 
These  three  cases  are  represented  diagrammatical ly  in  Fig.  95. 


"11 

1 

P 

pj 

F 

<] 

> 

+ 

- 

+ 

— 

+ 

, 

+ 

~~ 

-h 

^~ 

+ 
+ 

.„ 

-^- 

1 

4±j 

I-^QS. 


When  equihbrium  is  established  and  tlie  metal  is  negative  agaiz 
the  solution,  the  metal  is  Hurrounded  by  a  layer  of  positively 
chargin]  ions.  This  constitutes  what  is  known  as  a  Helmholtz 
dccirical  double  layer.  If  positive  electricity  be  communicated  to 
the  metal,  the  double  layer  will  be  broken  and  uiure  ions  will 
pass  from  the  metal  into  the  solution,  but  as  soon  as  the  supply 
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of  poeitdve  electricity  is  cut  off,  the  double  layer  will  again  be 
formed.  Similarly,  when  the  metal  is  positive  against  the  solu- 
tion, an  electrical  double  layer  will  be  formed,  the  metal  being 
surrounded  by  a  layer  of  negatively  chEtrged  Jons. 

The  actual  existence  of  a  Helmholtz  double  layer  has  been 
demonstrated  by  Palmaer.*  In  his  experiments,  Palmaer  allowed 
exceedingly  minute  globules  of  niercurj-  to  fall  into  a  dilute  solu- 
tion of  mercurous  nitrate  contained  in  a  tall  vessel,  the  bottom 
of  which  was  covered  with  a  layer  of  pure  mercury,  as  shown  in 
Fig.  96.    Since  the  solution  preasure  of  mercury  is  less  than  the 


Fig.  06. 


oflmotic  pressure  of  the  Hg*  ions,  each  drop  of  mercury  as  it 
enters  the  solution  will  acquire  a  positive  charge,  and  if  the  theory 
of  the  electrical  double  layer  is  correct,  this  positively  charged  ' 
globule  should  attract  negatively  charged  ions  and  drag  them  down 
through  the  solution.  When  the  globule  reaches  the  mercury  at 
*  Zet.  phys.  Chem.,  25,  26fi  (1808);  j8,  267  (1809);  ^6,  664  (1001). 
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the  bottom  of  the  vessel,  it  will  give  up  its  positive  cbai^  and  as 
many  Hg*  ions  will  pass  into  solution  as  there  are  NOa'  ions  In  the 
double  layer.  The  solution  will  thus  Ixrome  more  concentrated 
just  above  the  layer  of  niercury  on  the  bottom  of  the  vessel.  Pal- 
maer's  experiments  showed  that  this  difference  in  concentration 
is  actually  produced,  in  some  cases  the  concentration  in  the  upper 
part  of  the  solution  l>eing  reduced  as  much  as  50  per  cent. 

The  metals  sodium,  potassium,  .  ,  .  zinc,  cadmium,  cobalt, 
nickel,  and  iron  are  negative  against  solutions  of  their  salts,  or 
P  >  p.  The  noble  metais  are  generally  positive  against  solutions 
Jxrf  their  salts,  or  P  <  p.  The  anions  are,  so  far  as  is  known,  posi- 
tive to  solutions  of  their  salts.  Electrolytic  solution  pressure 
varies  with  the  temperature,  with  the  nature  of  the  solvent,  and 
also  with  the  concentration  of  the  active  sulwtance  in  the  elec- 
trode. 

The  Difference  of  Potential  between  a  Metal  and  a  Solution. 
From  the  foregoing  considerations,  it  is  possible  to  derive  an 
equation  expressing  the  difference  of  potential  between  a  metallic 
electrode  and  a  solution  of  one  of  its  salts. 

IvCt  us  imagine  one  gram-ion  of  a  metal  to  be  transferred  from 

the  electrolytic  solution  pressure  P,  to  the  osmotic  pressure  p. 

The  OBtuotic  work  done  will  \)c 

^^dp 

P 

Int^rating  this  expression,  we  have 

p 
Osmotic  work  =  RT]tygg  —  * 

V 

The  corresponding  electrical  energy  gained  is  nFx,  where  ir  is  the 
difference  of  potential  between  the  metal  and  the  solution,  F  =  1 
faraday  =  96,540  coulombs,  and  n  is  the  valence  of  the  metal- 
Since  the  osmotic  work  done  is  equivalent  to  the  electrical  energy 
gained,  we  may  equate  these  two  expressions,  as  follows:  — 


^vdp = RT  r 


or 


nFir  =  i?7'log.-, 
P 

HT,      P 


(1) 


For  univalent  ions  at  17°,  we  have 

r  =  0.0375  log  — - 

In  a  galvanic  cell  composed  of  two  metals,  each  iramereed  in  a 
solution  of  one  of  its  salts,  a  difference  of  potential  may  be  estab- 
lished (1)  at  the  junction  of  the  two  metals,  (2)  at  the  junction  of 
the  two  solutions,  and  (3)  at  the  points  of  contact  of  the  niotals 
with  their  respective  solutions.  If  the  temperature  remains  con- 
stant, (1)  is  negligible,  and  in  general,  (2)  is  exceedingly  small; 
therefore,  the  electromotive  force  of  the  cell  may  be  considered  aa 
due  to  the  differences  of  potential  arising  at  the  two  electrodes. 
Assuming  the  temperature  to  be  17*,  the  electromotive  force  of 
the  cell  will  be 

0.0575 ,      P,      0.0575 ,      P, 
E  =  Ti  -  TTa  = log log  — 

The  Measurement  of  Electromotive  Force.  The  value  of  the 
electromotive  force  of  a  cell  may  vary  with  the  conditions  of  meas- 
urement. Since,  according  to  Ohm's  law,  E  =  C  {li  4-  r),  where 
H  m  the  resistance  of  the  external  circuit  and  r  is  the  internal 
resistance  of  the  cell,  it  followH  that  the  fall  of  potential  CR,  in 
the  external  circuit,  will  only  he  equal  to  E  when  r  is  negligible 
in  comparison  with  R.  Furthermore,  when  the  circuit  is  closed, 
the  electrodes  of  the  cell  frequently  become  polarized,  owing  to 
the  deposition  of  the  products  of  electrolysis,  and  an  opposing 
electromotive  force  is  set  up. 

To  avoid  these  difficulties,  the  electromotive  force  is  usually 
measured  on  open  circuit  by  the  PoggcndorlT  compensation  method. 
in  this  method  the  electromotive  force  to  be  measured  is  just 


of  A  WlMmtaione  bridip}  an  ocnnected  (o  a  kad  aeeanafatar  C. 
t^«rr«  will  Ije  »  xmiUinu  fall  of  potwitwl  alowg  ila  lim.lk  The 
amoaoi  of  (afl  aIooc  aay  portion  4/>  viU  be  proportional  to  the 

ttngth  AfJ,  mul  Kfual  to  the  fractioo-r^of  the  total  fall  of  poUD- 

tiikl  iil(/ng  the  entire  length  of  the  wire.  Now  let  one  termbuU  of 
A  e»U  wboM  vU^TtmioUvv.  force  id  teas  than  that  of  C  be  coo- 
neetad  to  A,  and  the  other  terminal  be  connected  through  a 
ltalvanomet«r  0,  with  a  Rliding  contact  D,  the  two  cells  B  and 
(!  working  tn  opponition.  A  current  will  Sow  through  the  cir- 
(!ult  AK(JI>,  and  will  l>e  indicat4xl  by  the  galvanometer  at  all 
|MMtti(irui,  I'XfM'pt  that  at  which  the  fall  of  potential  along  the  wire 
U\mi  A  Ui  0\n  equal  to  the  electromotive  force  of  E.  Hence  we 
havi} 

o.m.f.  of  C  :  e.m.f.  of  Ev.AB:  AD, 

from  whioh  tlie  value  of  the  electromotive  force  of  the  cell  J5,  can 
Iw  (talmiljilnd.  HiiK'c  tlu'  elnctromotive  force  of  a  lead  accumu- 
laUir  In  not  (]iiitu  4'onMliint,  it  i»  customar>',  after  having  deter* 
inini'd  tho  point  i),  to  Hubstitutc  a  standard  cell  for£,  and  balance 
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this  against  the  accumulator,  finding  a  new  point  of  balance  D'. 
Wc  now  have  the  proportion 

e.m.f.  of  C  :  c.jn.f.  of  standard  ::  AB  :  AD'. 
Combining  tliese  two  proportions,  we  obtain 

e.m.f.  of  E  :  e.m.f.  of  standard  ::  AD  :  AD\ 
Instead  of  using  a  galvanometer  as  a  "null  "  instrument  for  indi- 
cating when  the  |Kiint  of  balance  has  been  reached,  a  capillary 
electrometer  may  t>e  employed. 

Standard  Cells.  It  is  apparent  that  the  accuracy  of  ail 
measurements  of  electromotive  fortre  is  dependent  upon  the  cell 
employed  as  a  stajidard.  Much  time  has  l>eeri  devoted  to  the 
study  of  various  reversible  elements  with  a  view  to  establishing  a 
standard  of  elcclromotive  force.  As  a  result,  we  have  the  com- 
plete apecificatioiii*  for  two  standard  cells,  either  of  which  may  be 
readily  reproduced. 

(a)  The  Weston,  or  Cadinium  Standard  Celt  The  moat  widely 
used  standard  of  electromotive  force  ia  the  so-called  Weston  cell, 
made  up  according  to  the  scheme 

Hg  -  Solution  HgiSOi  1|  Solution  CdSO*  -  Cd. 
A  diagram  of  the  usual  form  of  the  Weston  cell  is  given  in  Fig.  98. 
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A  short  platinum  wire  is  sealed  through  the  bottom  of  each  linib 
of  tlie  H-shaped  vessel.  In  one  limb  is  placed  a  small  amount  of 
a  lU  to  15  per  cent  cadmium  amalgam,  A;  B  is  &  layer  of  small 

Q 

crystals  of  CdS04'gH30.     In  the  other  limb  is  placed  a  small 

amount  of  pure  mercury,  over  which  is  a  layer,  D,  of  a  paste 
composed  of  solid  mercurous  sulphate  and  a  saturated  solution 
of  cadmium  sulphate.  The  cell  is  then  filled  with  crystals  of 
cadmium  sulphate  and  a  saturated  solution  of  cadmium  sulphate. 
The  two  limbs  of  the  cell  are  closed  with  a  thin  layer  of  paraffin 
E,  cork  F,  and  sealing  wax  G.  If  carefully  prepared,  this  cell  will 
remain  unaltered  for  years  and  will  have  an  electromotive  force 
at  20°  of  1.0183  volts.  In  addition  to  the  fact  that  it  can  be  so 
easily  reproduced,  the  temperature  coefficient  of  the  cell  is  almost 
negligible. 

The  electromotive  force  of  a  Weston  standard  cell  at  any  temper- 
ature tj  is  given  by  the  formula 

cra.f.  at  e  =  1.0183  -  0.000038  ((  -  20). 


(b)  The  Clark,  or  Zinc  Standard  CeU.  Until  about  ten  years 
ago,  the  Clark  cell  was  considered  to  be  the  most  trustworthy 
standard  of  electromotive  force.  This  cell  is  made  up  according 
to  the  scheme 

Hg  -  Solution  HgpSO^  1|  Solution  ZnSO,  -  Zn. 

The  construction  of  the  eel!  is  .similar  to  that  of  the  Weston  cell 
It  may  be  reproduced  with  great  accuracy  and  with  no  more 
trouble  thim  the  Weston  cell,  Imt  its  relatively  large  temperature 
coefficient  renders  it  less  sutisfiictory.  The  electromotive  force 
of  the  Clark  standard  cell  at  any  temperature  2,  may  be  calculated 
by  means  of  the  formula 

e.m.f.  at  e  =  1.4328  -  0.00119  U  -  15)  -  0.00007  (t  -  15)». 

The  Capillary  Electrometer.  When  pure  mercury  is  covered 
with  sulphuric  acid,  its  surface  tension  is  diminished.  This  may 
be  shown  by  the  following  experiment:  In  a  small  evaporating 
dish  place  about  5  cc.  of  pure  mercury,  and  cover  it  with  a  10  per 
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cent  solution  of  sulphuric  acid  to  which  has  been  added  enough 
potassium  dichromate  to  impart  a  light  yellow  color  to  the  so- 
lution. The  globule  of  mercury  will  immediately  flatten  out, 
indicating  that  its  surface  tension  has  diminished.  If  now  the  mer- 
curj'  be  touched  with  a  piece  of  iron  vinre,  it  will  instantly  contract 
until  the  contact  with  the  wire  is  broken;  it  will  then  flatten  out, 
until  it  again  comes  in  contact  with  the  wire,  when  the  globule 
of  mercur>'  will  once  more  contract.  In  this  way  a  regular  pul- 
sation of  the  mercur>'  may  be  obtained.  This  interesting  phenom- 
enon was  observed  early  iu  the  nineteenth  centurj-  by  Henry,  but 
was  first  satisfactorily  explained  by  Lippmann  *  in  1873.  Lipp- 
mann  showed  that  when  the  globule  of  mercury  is  negatively 
electrified,  its  surface  tension  increases  and  the  drop  shrinks. 
If  sufficient  negative  electricity  is  imparted  to  the  mercury  it 
is  possible  to  restore  the  globule  to  its  original  form.  On  ap- 
plying more  negative  electricity,  the  globule  of  mercury  again 
expands.  When  the  iron  wire  touches  the  globule  it  charges 
it  negatively,  because  when  the  iron  dis- 
solves, it  furnishes  positively  charged  iona 
to  the  solution  and  thus  acquires  a  negative 
charge  which  it  imparts  to  the  mercury.  At 
the  same  time,  the  chromic  acid  in  the  so- 
lution undergoes  reduction  to  chromium 
sulphate.  Lippmann  concluded  from  his 
experiments  that  the  difference  of  poten- 
tial arises  at  the  surface  of  contact  between 
the  mercur>'  and  the  solution  of  the  electro- 
lyte, and  that  the  surface  tension  of  the 
mercury  is  a  function  of  the  difference  of 
potential.  Making  use  of  this  principle  he 
constructed  the  capillar>' electrometer,  a  con- 
venient form  of  which  is  shoxvn  in  Fig.  99. 
The  bulb  A,  through  the  bottom  of  which 
is  sealed  a  platinum  wire,  contains  pure 
mercury  and  dilute  sulphuric  acid  (1  : 6). 
Pure  mercury  is  poured  into  the  other  timb  of  the  electrometer 
•  Fogg.  Ann..  149,  546  (1873). 
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until  it  atands  at  £  in  that  tube,  and  at  C  in  the  capillar>'  tube. 
Owing  to  the  capillao'  depression  of  the  mercury,  C  lies  below  B* 
Electrical  cuimection  with  the  mercur>*  at  B  ia  established  by 
roeam)  of  a  platiuum  wire. 

The  position  of  the  mejcurj'  in  the  capillary  is  determined  by 
its  surface  tension;  if  the  surface  tension  is  increased,  the  mercury 
will  descend;  if  it  is  diminished,  the  mercury  will  ascend.  If  a 
negative  charge  is  communicated  to  the  mercury  at  B^  the  surface 
tension  will  be  increased  and  the  meniscus  will  descend;  if  a  posi- 
tive charge  is  imparted  to  the  mcrcuo'  at  B,  the  surface  tension 
wdl  be  diminished  and  the  meniscus  will  ascend. 

The  amplitude  of  the  movement  of  the  meniscus  is  an  inverse 
fimction  of  the  diameter  of  the  capillary  tube.  If  the  meniscus 
be  observed  through  a  microscope 
provided  with  an  eye-piece  microm- 
eter, Fip;,  100,  it  is  possible  to  detect 
very  slight  movements,  and  to  meas- 
ure differences  of  potential  less  than 
O.OOOI  volt. 

The  capillary  electrometer  is  an  ex- 
cellent "null"  instrument.  In  using 
the  electrometer  no  large  electromo- 
tive force  should  be  applied,  since 
the  meniscus  surface  becomes  polar- 
ised very  easily.  If  this  sliould  occur, 
a  new  surface  may  be  secured  by 
blowing  gently  at  B  and  forcing  a 
drop  of  mercur>'  out  of  the  capillary 
into  the  bulb.  Lippmann  studied  the 
effect  of  steadily  increasing  potentials 
on  the  movement  of  the  meniscus. 
Plotting  movements  of  the  meniscus 
on  the  axis  of  ordinates,  and  potentials 
on  the  axis  of  absciss*,  he  found  that  there  is  a  maximum  in  the 
curve  corresponding  to  about  0.8  volt.  This  is  the  electromotive 
force  which  must  be  applied  in  order  to  counterbalance  the  differ- 
ence of  potential  produced  by  the  contact  of  dilute  sulphuric  acid 


Fig.  100. 
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lie  surface  of  the  mercury.    At  the  meniscus  surface  an 
«1    double   layer   is   formed.     The   mercury    is   positively 
cliarged,  and  above  it  there  must  be  a 
■■v.^  layer  of  nt^alively  cliarged   ions,   as 

shown  in  Fig.  101.  Just  how  this  double 
layer  is  formed  is  not  known  with  cer- 
tainty,  but  it  has  lioen  suggested  that 
the  slight  film  of  oxiile  which  is  prob- 
ably present  on  tiie  surface  of  the  pur- 
est mercury,  dissolves  in  the  sulphuric 
acid  forming  a  solution  of  mercurous 
sulphate,  and  from  tbig  solution  the 
positively  chargtKl  Hg*  ions  deposit  on 
the  mercury,  giving  it  a  positive  charge. 
Whether  this  explanation  is  correct  or 
not,  the  fact  remains  that  the  mercury 
is  positive  against  the  solution. 
The  method   commonly   employed   for 


Sulphuila  Acld- 
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nal  Electrodes, 
iasurement  of  the  difference  of  potential  between  a  metal 
solution,  is  based  upon  the  use  of  an  electrode  in  which  the 
ice  of  potential  between  the  electrode  and  a  certain  solution 
of  its  salts  is  known.  Such  an  electrode  is  called  a  normal 
\e.  If  a  cell  is  made  up  by  combining  the  normal  electrode 
le  electrode  whose  potential  is  to  be  det4?rmined,  it  ia  possible, 
ueasurements  of  the  resulting  electromotive  force,  to  cal- 
the  value  of  the  unknown  difference  of  potential.  The  mofit 
lient  electrode  to  prepare  is  the  normal  calomel  electrode,  a 
ctory  form  of  which  is  shown  in  Fig.  102.  The  bottom  of 
ctrode  vessel  is  covered  with  a  layer  of  pure  mercury,  upon 
is  poured  a  paste,  prepared  by  rubbing  together  in  a  mortar 
ly  and  calomel,  moistened  with  a  molar  solution  of  potassium 
le.  The  vessel  is  then  filled  with  a  molar  solution  of  the 
lalt  which  has  been  saturated  with  calomel  by  prolonged 
g  with  the  latter.  Connection  with  the  mercury  is  estab- 
by  means  of  a  ])latinum  wire  sealed  into  a  glass  tube  A,  the 
being  passed  through  the  rubber  stopper  which  closes  the 
I  In  using  the  calomel  electrode,  the  bent  side  tube  C  ia 
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filled  with  molar  potassium  chloride  by  applying  suction  ai  the 
Bide  tube  B,  which  is  then  clospd  by  means  of  a  pinch-crwk. 

The  difference  of  potential,  at  any  temperature  t,  of  the  calo- 
mel electrode  prepared  as  described,  and  represented  by  the 
scheme 

Hg  —  Solution  HgCl  in  molar  KCl, 
u 

T  =  -0.560 1 1  -f  0.0006  it  -  18)1  volt. 

The  negative  sign  indicates  that  the  solution  is  negative  to  the 
electrode.    In  order  to  measure  the  potential  of  another  electrode 
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Pig.  103. 


by  means  of  the  calomel  electrode,  the  arrangement  shown  in 
Fig.  103  ia  commonly  used.  Here  A  represents  the  "half-element" 
of  which  the  potential  is  to  be  detenu inetlj  B  represents  the  side 
tube  of  the  calomel  electrode,  and  C  represents  an  intermediate, 
connecting  vessel  containing  a  molar  solution  of  jxitaasium  chloride. 
In  cases  where  potatssiuin  chloride  forms  a  precipitate  with  the 
electrolyte  iu  Af  the  solution  in  C  may  be  replaced  by  a  molar 


I 
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solution  of  potassium  nitrate  without  altering  the  value  of  the 
electromotive  force  of  the  cell.  The  original  measurement  of 
the  potential  of  the  calomel  electrode  was  made  by  forming  a 
cell  with  this  and  another  electrode  whose  potential  against  ita 
solution  is  zero.  Such  an  electrode  is  known  as  a  null  electrode. 
Thus,  if  a  copper  electrode  is  immersed  in  a  solution  of  copper 
sulphate,  the  Cu"  ions  will  leave  the  solution  and  chaise  the 
electrode  positively.  If  now  a  solution  of  potassium  cyanide  is 
added,  the  nearly  undissociatcd  salt,  KjCua  (('N)*,  will  be  fonned, 
and  by  adding  a  sufHcient  amount  of  the  solution,  tlie  concentration 
of  the  Cu"  ions  may  be  reduced  until  the  metal  and  the  solution 
have  the  same  potential.  The  addition  of  more  potassium  cyanide 
will  still  further  diminish  the  osmotic  pressure  of  the  Cu"  iona, 
and  the  electrode  will  acquire  a  negative  charge.  Similarly,  mer- 
cur>'  in  a  solution  of  a  double  cyanide  may  be  used  as  a  null  elec- 
trode. 

Another  form  of  null  electrode  is  the  so-called  dropping  elec- 
trode of  Helmholtz.*  The  principle  involved  in  this  electrode 
has  already  been  discussed  in  connection  with  Palmaer's  experi- 
ment (p.  453).  An  extremely  fine  stream  of  mercurj'  is  allowed 
to  flow  from  a  fuimel  having  a  minute  c^ipillarj-  orifice:  the  stem 
of  the  funnel  dips  below  the  surface  of  a  molar  solution  of  potaa- 
Biiun  chloride  containing  mercurous  ions.  As  each  little  globule 
enters  the  solution,  it  acquires  a  positive  chai^  and  attracts  the 
negatively  chai^^ed  ions  of  the  electrolyte,  dragging  them  down 
with  itself.  When  the  globule  reaches  the  layer  of  mercury  at 
the, bottom  of  the  vessel,  its  surface  and  capacity  are  diminished, 
and  as  many  Hg'  ions  leave  the  layer  of  mercury  and  enter  the 
solution  as  there  were  negatively  chained  ions  carried  down  by 
the  globule.  This  process  continues  until  the  osmotic  pressure 
of  the  remaining  ions  is  equal  to  the  solution  pressure  of  the  metal: 
the  mercurj',  both  in  the  stream  and  at  the  bottom  of  the  vessel, 
has  the  same  potential  as  the  solution.  If  now  the  difference  of 
potential  between  the  mercury  in  the  funnel  and  the  mercury  in 
the  vessel  be  measured,  we  shall  obtain  the  potential  of  mercury 
against  a  molar  solution  of  potassium  chloride.  The  dropping 
•  Ann.  der  Phya.,  44,  42  (1890). 
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electrode  was  for  a  long  time  regarded  as  an  ideal  standard ' 
potential,  but  Nemat  has  quite  recently  pointed  out  a  number 
of  serious  objections  to  it.  Until  a  wholly  satisfactory  standard 
of  potential  is  obtained,  he  proposes  tliat  the  potential  of  the 
hydrogen  electrode  be  adopted  as  the  standurtl.  This  consists 
of  a  strip  of  plaiinizeil  platinum,  half  in  pure  hydrogen  gas  and 
half  in  a  solution  of  sulphuric  arid  of  such  concentration  that 
it  shall  contain  1  gram  of  hydrogen  ions  per  liter.  The  use  <A 
the  hydrogen  electrode  as  a  standard  is,  of  cwirse,  purely  arbi- 
trary, but  there  are  many  advantages  in  referring  differences  of 
potential  to  this  standard.  Owing  to  certain  experimental  diffi- 
culties attending  the  use  of  this  electnKle,  it  is  customary  to 
make  the  actual  measurements  with  the  ealomel  electrode,  and 
then  refer  them  to  the  hydrogen  standard,  taking  the  potential 
of  the  calomel  electnxle  to  be  —  0.283  volt  when  referred  to 
the  hydrogen  electrode  as  zero.  The  negatitfe  sig7i  indicaiea  that 
the  sohtiion  is  negative  against  the  electrode. 

Measurement  of  the  Difference  of  Potential  between  a  Metal 
and  a  Solution.  The  difference  of  potential  between  a  metal 
and  a  solution  of  one  of  its  salt-s  is  easily  determined  by  means  of 
the  calomel  electrode.  For  example,  in  order  to  determine  the 
potential  of  zinc  against  a  molar  solution  of  zinc  sulphate,  the 
electromotive  force  E,  of  the  combination 


Zn  -  m  ZnSO* 


I  m  KCI,  HgCI  -  Hg, 

(nU.  electrode) 


is  measured  and  found  to  be  1.08  volts,  the  mercury  being 
positive  terminal  of  the  coll.     Applying  the  Nernat  equation, 


£  =  jr, 


RT.      Pi 


HT,      P, 


in  which  P,  and  px  denote  the  solution  pressure  and  the  osmotic^ 
pressure  of  the  zinc  ions,  and  Pa  and  pi  denote  the  solution  pressure 
and  the  osmotic  pressure  of  the  mercury  ions,  we  have 

1.08  =  ^log.^-(- 0.56), 
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or 


RT 

2F 


loft,—  =  1.08  -  0.56  =  0.52  volt. 
Pi 


I 

\ 


That  is,  the  zinc  electrode  is  negative  against  a  molar  solution  of 
sine  sulpliate,  the  difference  of  potential  being  0.52  volt.  As  an 
example  of  a  ceJl  in  which  the  mercury  of  the  calomel  electrode 
is  the  negative  temunal  of  the  cell,  we  may  take  the  following 
combination:  — 

Cu  -  m  CUSO4  H  m  KCl,  HgCl  -  Hg. 

The  electromotive  force  of  this  cell  is  0.025  volt.  Since  the 
current  flows  from  the  copper  to  the  mercury,  we  have 

E  =  0.025  -  -0.56  -  ^log.-S 
or 

^log,-  =  -0.025  -  0.56  =  -0.585  volt. 

That  is,  the  copper  electrode  is  positive  against  a  molar  solution 
of  copper  sulpiiatc.  From  the  al>ove  results  it  is  possible  to  cal- 
culate the  electromotive  force  of  the  combination 

Zn  -  m  ZnSOt  |[  m  CuSO*  -  Cu. 

Since,  according  to  Nernst's  equation 

.,  RT,      Pi      RT,      Pi 

£-..-x,  =  2^1og.--2^1og.-. 


where  P\  and  pi  refer  to  the  xinc,  and  Pt  and  pi  refer  to  the  copper, 
we  have 

E  =  0.52  -  (-  0.585)  =  M05  volts. 

Concentration  Elements.    We  now  proceed  to  consider  cells  in 
which  the  electromotive  force  depends  primarily  on  differencea 

■  in  oonceutratiou,  —  the  so-called  "concentration  elpjnents." 

Concentration  elejnents  may  be  conveniently  divided  into  two 
cUtasee:  (a)  elemerUs  in  which  Ihc  electrodes  (trc  of  different  conctm- 

■  tralioiM,  and  (b)  demenU  in  which  the  soiuiions  arc  of  different 
I    eoncentratians. 
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(a)  Elements  in  whiclt  the  Electrodes  are  of  Diferent  Concenira- 
tioTis.    {Amaigama  and  Alloys.)     If  in  the  equation 

-      fir,      /»,      RT,      Ft 

p]  —  pi,  as  is  the  case  when  the  ionic  concentrations  of  the  two 
8olution)«  arc  identical,  then  we  have 

„      RT.      P, 

where  P]  and  Pz  are  the  respective  .solution  pressures  of  the  metal 
dissolved  in  the  electrodes.  If  the  amaiguins  are  dilute,  the 
osmotic  pressure  of  the  di.ssolvwl  rnetal  will  Ije  proportional  to  the 
solution  pressure  of  Hie  electroile,  and  sinre  osmotic  pressure 
is  pro|K»rtional  to  concentration,  we  nia>  replace  Pi  aud  P»  in  the 
above  formula  by  the  proportional  terms,  Ci  and  d,  the  respec- 
tive concentrations  of  the  metal  in  the  two  electrodes.  Hence, 
we  have 

The  accurac>'  of  this  equation  has  been  fully  established  by  the 
experiments  of  Meyer,*  aud  Richards  and  Forbes.f 

Meyet's  results  for  zinc  amalgams  in  solutions  of  zuic  sulphate 
are  given  in  the  accompanying  table. 


T, 

•I 

4 

IS  (oba.). 

Bltak.]. 

284  6 
291.0 

285  4 
333.0 

0.003366 

0.003366 
0.002280 
0.002280 

0.0O01130O 

0,00011305 

o.oooa<ios 

0.0000(108 

00419 
0  0433 
U  0474 
0  0520 

0  oud 

0.0426 
00446 
0  0519 

The  agreement  between  the  observed  and  calculated  values  of  E 
is  all  that  can  be  desired.  That  the  above  formula  holds  for 
aanc  amalgams  may  be  considered  as  a  proof  of  the  fact  that  the 
einc  dissolves  in  the  mercury  as  monatomic  molecules.  Thus, 
suppose  the  zinc  to  be  pr&sent  in  the  mercury  in  the  form  of  di»* 

*  Zeit.  phys.  aiera.,  7,  477  (1891). 

t  Publication  of  the  Carnegie  LosUtution,  N  0.  60. 
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tomic  molecules;  then  while  the  eleclrical  energy  wruild  Iw  eqiml 
to  2  FE,  the  osmotic  work  reijuired  U>  develop  this  eaergy  would 

be  5  HT  log,  —  ,  heace  we  should  have 

or  the  calculated  value  of  the  electromotive  force  would  be  just 
one-half  of  the  observed  value.  The  mercury  in  the  amalgam 
has  been  shown  to  exert  no  effect  upon  the  electromotive  force  of 
the  cell  80  long  a«  the  dissolved  meUiI  has  the  greater  potential. 

(b)  Elements  in  which  the  Solidiotis  are  of  Different  Concentra^ 
tions.  In  this  type  of  cell  we  have  two  electrodes  of  the  same 
metal  immersed  in  solutions  of  different  ionic  concent  rations  of 
the  metal.     Hence,  we  may  put  Pi  =  Px  in  the  equation 


E 


RT,      Pi      RT,      P, 


which  then  takes  the  form 

Since  osmotic  pressure  is  proportional  to  concentration,  pi  and 
pi  may  be  replaced  by  the  proportional  terms  ci  and  Ci,  and  the 
foregoing  equation  becomes 


or 


■I 

wnei 


E 


RT .      ntxai 


Where  mi  and  wii  arc  the  molar  concentrations  of  the  two  solutions 
and  aj  and  03  arc  the  corresponding  degrees  of  ionization.  As  an 
example  of  a  concentration  element  of  this  class  we  may  take  the 
following:  — 

Ag  -  0.01  m  AgNO,  \\  0.1  m  AgNO,  -  Ag, 


d 


The  degrees  of  ionization  of  the  two  solutions  al  18"  are  as  follows: 
—  for  0.01  m  AgNOa,  a  =  0.93,  and  for  0. 1  m  AgN<J«  a  =  0.81. 


B  =  0.058  log 


J?  =  0.058  log 


=  0.0345  volt. 


'O.OI  X  0.93 
The  value  of  E  found  by  direct  experiment  is  0.055  volt. 

In  the  example  just  given,  the  electrodes  are  reversible  with 
respect  to  the  positive  ion  of  the  electrolyte.  Such  electrodes  an* 
known  as  electrodes  of  the  first  type.  It  is  alao  poaaible  to  construct 
cells  with  electrodes  which  are  reversible  with  respect  to  the  ne^' 
live  ion  of  the  ciectrolylc.  These  aie  termed  electrodes  of  the  second 
iupe.  The  calomel  electrode  is  an  example  of  an  el(H*tro<le  of  this 
latter  type.  If  positive  electricity  passes  from  the  metal  to  the 
solution,  the  mercury  combines  with  the  CI'  ions  forming  mercu- 
rous  cliloride,  and  if  positive  electricity  pa-s-ses  in  the  reverse 
direction,  clilorine  dissolves  and  mercuroas  chloride  is  formed. 
In  other  words  the  electrode  behaves  like  a  chlorine  electrode, 
giving  up  or  absorbing  the  element  according  to  the  direction  of 
the  current.  A  typical  combination  involving  an  electrode  of 
the  second  tj^jc  is  the  following:  — 

Ag  -  0.1  m  AgNO,  -  ICNOj  -  0.1  m  KG,  AgCI  -  Ag. 
This  particular  combination  was  studied  by  Cloodwin  *  with  a 
view  to  determining  the  solubility  of  silver  chloride.     If  we  assume 
a  saturated  solution  of  silver  chloride  to  be  completely  ionized, 
then  the  solubihty  product  will  be 

Ca«*  X  ccv  -  a. 

Since  the  concentrations  of  the  two  ions,  Ag"  and  CI',  are  equal, 
it  follows  that  v^  will  be  equal  to  the  solubility  of  the  silver 
cliloride.  The  electromotive  force  of  a  concentration  cell  at  25' 
is  given  by  the  equation 

n  mrat 

•  Zeit.  ph>Tj.  Chein.,  13,  577  (1894). 
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or 


log 


rwigi  _     En 
mioa  ~  0.0595  * 


The  value  of  E  at  25*  for  the  above  cell  was  found  to  be  0.450  volt. 
The  ilegroea  of  ionization  of  the  two  electrolytes  are  an  follows:  — 
for  0.1  molar  AgNOi,  a  ^  0.82,  and  0.1  molar  KCl,  a  ^  0.85. 
Substituting  in  the  preceding  equation,  we  obtain 

0.1  X  0.82       0.450 


log- 


ca 


0.0595 


therefore, 


a  =  2.24  X  10"». 


I 


I 


Or,  1.94  X  10~"  is  the  concentration  of  the  Ag'  ion  in  mols  per 
liter  in  a  0.1  molar  potiussium  chloride  solution  of  silver  chloride. 
Hence  the  solubility  product  s  \vill  be 

s  =  2.24  X  !0-«  X  0.085  =  1.91  X  lO""*, 
and 

Vi  =  1.38  X  10-*; 

that  is,  the  Bolubility  of  silver  chloride  in  a  saturated  aqueous 
gohition  is  1.28  x  10^^  mol  per  liter  at  25^ 

The  Difference  of  Potential  at  the  Junction  of  the  Solutions 
of  Two  Electrolytes,  Thus  far  we  liavt*  nut  taken  into  t-oiisidtir- 
ation  the  [Kitential  differeiicea  which  may  lie  ci^tablished  at  the 
junction  of  two  eolution^.  Nerast  *  has  hIiowu  that  in  many  cases 
it  is  possible  to  calculate  these  differences  of  potential  by  means 
of  his  osmotic  theor>'  of  the  origin  of  electromotive  force,  and  the 
values  obtained  are  in  close  agreement  with  the  resultH  of  experi- 
ment. Let  us  imagine  tliat  two  solutions  of  hydrochloric  acid  of 
different  concentratian.s  arc  brought  together  so  as  to  avoid  mix- 
ing, the  acid  in  each  soltition  Iwing  highly  ionized.  The  hydro- 
gen and  chlorine  ions  will  diffuse  independently,  and  since  the 
former  move  with  the  greater  velocity,  the  more  dilute  solution 
will  soon  contain  an  excess  of  H'  ions  and  the  more  concentrated 
solution  an  excess  of  CI'  ions.  The  more  dilute  solution  will  be- 
come positively  charged  owing  to  the  presence  of  an  excess  of  H" 
*  Zeit..phyB.  Cbem.,  4, 129  (1889). 
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ions,  while  the  more  conoenlrated  solution  will  acquire  a  negative 
charge  due  to  the  presence  of  an  excess  of  CI'  ions.  The  uccmnu- 
lation  of  positive  electricity,  however,  will  retard  the  velocity  of 
the  H"  ions  and  accelerate  the  velocity  of  the  CI'  ions,  so  that 
ultimately  the  two  ions  will  move  with  the  same  velocity.  The 
difference  of  potential  produced  in  this  way  will  cease  to  exist 
when  the  two  solutions  have  a(:quired  the  same  concentration. 

In  general,  it  may  l>c  stated  that  the  difference  of  potential  set 
up  at  the  junction  of  the  two  solutions  is  caused  by  the  differ- 
ence in  the  rates  of  migration  of  the  two  ions,  the  more  dilute 
solution  acquiring  a  charge  corresponding  to  that  of  the  faster 
moving  ion. 

ElectromotiTe  Force  of  Concentration  Cells  with  Transference. 
Let  u  and  v  be  the  migration  velocities  of  the  cation  and  the 
anion  respectively,  and  let  pi  be  the  osmotic  pressure  of  the  ions 
in  the  concentrated  solution  and  pi  the  osmotic  pressure  of  the 
ions  in  the  dilute  solution.  Now  let  one  faraday  of  electricity  pass 
through  the  two  solutions,  the  current  entering  on  the  concen- 


trated side;  then 


u  +  y 


gram-equivalents  of  positive  ions  will 


migrate  from  the  concentrated  to  the  dilute  solution,  while  — ; — 

u  +P 
gram-equivalents  of  negative  ions  will  migrate  from  the  dilute  to 

the  concentrated  solution.    The  maximum  work  done  by  the 

process  will  be 


^fiT  log.  P'--^ 


/?riog,P'  =  ^-^flTlog.^'. 

The  corresponding  electrical  energy  developed  is  wF,  hence 
have 

u  —  0 

'  F 


RT.      Pi 


u-\-v 

or,  since  osmotic  pressure  is  proportional  to  concentration,  we 
may  substitute  ci  and  cs  for  pi  and  pa  in  the  preceding  equation, 
and  obtain  the  following  expression  for  the  electromotive  force 
at  the  jimction  of  the  two  solutions:  — 

»-f    RT,      «i 
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As  an  example  of  the  use  of  the  above  formula,  we  may  take  the 
calculation  of  the  electromotive  force  of  the  following  combina- 
tion:— 

Ag  -  0.1  m  AgNOs  -  0.01  m  AgNOs  -  Ag. 

<»)  (b)  (e) 

Taking  the  jimctions  (a),  (b),  and  (c)  in  order,  we  obtain 
-,     RT,      C  ,  w-»   RT,      ci     RT,      C 

^'       «^log.^. 


But — ; —  =  n.,  the  transport  number  of  the  anion,  and  therefore 
we  may  write  the  preceding  equation  in  the  form 

E  =  2n„^log.^.  (1) 

Assuming  the  temperature  to  be  17°  and  passing  to  Briggsian 
logarithms,  we  have 

£=- 0.116 n„ log-. 

Cl 

The  transport  number  for  the  anion  of  silver  nitrate  is  0.522, 
while  Cl  ^  rriiai  =  0.1  X  0.82  =  0.082,  and  ci  =  m^t  ^  0.01  X 
0.94  =  0.0094.    Hence, 

E  -  -2  X  0.522  X  0.058  X  ^og^^~» 

or 

E  =  -0.057  volt. 

The  value  found  by  direct  experiment  is  —0.055  volt. 

,    It  is  to  be  noted  that  if  the  electromotive  force  at  the  junction 

of  the  two  solutions  is  negative,  equation  (1)  takes  the  form 

E  =  2n.^log.^, 

where  n^  is  the  transport  number  of  the  cation. 

Electromotive  Force  of  Concentration  Cells  without  Trans- 
ference.   A  less  familiar  type  of  concentration  cell  is  that  which 
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does  not  involve  transference.    The  followinR  combination  may 
be  taken  as  an  example  of  such  a  cell :  — 


Ag|A«a,KCIlK(Hg), 

Ct 


K(Hg),!KCI.AgCl|Ag. 

C8 


It  will  be  observed  that  this  cell  is  in  reality  made  xip  of  two 
independent  nella  and  involves  no  liquid  junction.  While  the 
elimination  of  tliff union  appreciably  simplifies  the  theoretical 
treatment  of  cells  of  lids  type,  practically  it  is  difficult  to  find 
electrodes  which  are  reversible  toward  both  ions  of  the  eIectrol>-te. 
The  passage  of  one  faraday  of  electricity  throuKh  the  cell  results 
in  the  formation  on  the  dilute  side  of  one  equivalent  of  potassitmi 
chloride  from  the  silver  chloride  and  the  amalgam,  wlule  on  the 
L^oncentratcd  side  a  correspontling  amount  of  potassium  chloride 
ris  decomposed.  If  we  aasuuie  the  sulutions  to  be  so  dilute  as  to 
be  completely  ionized,  one  equivalent  of  potassium  chloride  will 
function  as  two  mols  of  gas,  and  the  electromotive  force  of  the  cell 
will  be 


(2) 


Formulas  for  the  Difference  of  Potential  at  Liquid  Junctions. 
As  luLS  been  iw>itited  out,  the  total  elertromotive  force  of  a  («n- 
centration  cell  with  tran.sferenLTe  is  made  up  of  the  algebraic  sum 
of  the  potentials  at  the  two  electrodes  and  the  potential  al  the 
junction  of  the  two  solutions.  Since  the  value  of  the  potential  at 
the  electrodes  alone  is  often  de-sired,  numerous  formulas  have  iyeea 
derived  for  the  calculation  of  the  potential  at  the  liquid  junction. 

In  addition  to  the  forniulu  of  Nernst,  already  mentioned,  for^ 
mulas  have  been  proposotl  by  Planck,*  Henderson, f  Cimiming,J 
Lewis  and  Sargent, §  and  MacInntiS.  l|  Of  these  different  formulas 
that  of  Maclnnes  possesses  distinct  advantages. 

•  Wird.  Ann.,  40,  561  aS90). 

t  Zi'it.  ph>-s.  Chem.,  59,  118  (1906);  63,  325  (1908). 

{  Tmn».  FaraHay  Hoc,  8,  SG  (1912):  0.  »74  (1913). 

i  Jour.  Am.  Chern.  tk*.,  31,  363  (1909). 

II  Ibid,  37*  2301  (1915). 
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If  onfi  faradny  of  electricity  bo  passed  through  the  cell 
AglAgCl,  KCItKCI,  AgCllAg, 

one  equivalent  of  chloride  ions  will  enter  the  dilute  solution  while 
a  corresponding  amount  will  be  elect  roly zed  out  of  the  more  con- 
centrated solution.  The  current  ^vill  be  carried  across  the  liquid 
junction  by  the  migration  of  n,  equivalents  of  potassium  ions  in 
the  direction  of  the  current  and  by  the  migration  of  (1  —  rte) 
ecjuivalents  of  chloride  ions  in  the  opposite  direction.  The  total 
effect  of  the  passage  of  one  faraxlay  of  electricity  will  be  the  trans- 
ference of  one  equivalent  of  salt  from  the  more  concentrated  to  the 
more  dilute  solution.  The  osmotic  work  at  the  junction  of  the 
two  solutions  will  correspond  to  the  algebraic  sum  of  the  number 
of  ion  equivalents  which  have  migrate<l  from  the  concentrated  to 
the  dilute  solution,  or  n^  —  (1  —  n^)  =  2  Hc  —  1. 

In  order  to  obtain  the  electrical  energy  necessary  to  pexform 
ttiifl  amount  of  osmotic  work,  let  us  consider  the  following  cell 
involving  no  transference:  — 

Ag  i  AgCl.  KCI I  K  (Hg).  II  K  (Hg),  |  KCl,  AgCl  |  Ag. 

The  passage  of  one  faraday  of  electricity  through  this  cell  in- 
volves, as  we  have  seen,  the  formation  of  one  equivalent  ea^ch  of 
potaasiiun  and  chloride  ions  in  the  dilute  solution,  and  the  re- 
moval of  one  cqiiivalcnt  of  each  ion  from  the  more  concentrated 
solution.  The  electrical  energy  accompanying  the  transfer  of  two 
ion  equivalents  from  one  solution  to  the  other  will  \>e  equal  to 
the  product  of  the  electromotive  force  of  the  cell  and  one  faraday, 
or  EF. 

The  electromotive  force  w,  at  the  liquid  junction,  can  now  bo 
obtained  by  the  simple  proportion 

EF  :tF  =  2  :2n,-  1, 


I 


IT   = 


E(2n,-  1) 


Since  the  ratio  of  Ei,  the  electromotive  force  of  the  cell  with  trans- 
ference, to  E,  the  electromotive  force  of  the  cell  without  trans- 


It  ia  to  be  observed  that,  equations  (I)  and  (2)  involve  no  assump- 
tions concerning  the  concrnt  rat  ions  of  the  ions  in  the  solutions,  one 
of  the  characteriHtics  which  tlistlnguitihcs  these  formulas  from  any 
of  the  others  hitlierlo  proposed. 

Lewis  and  Sargent  *  have  proposed  a  modification  of  a  formula 
derived  by  Planck  for  the  difTerrmw  of  potential  at  the  junction  (rf 
two  equally  concentrated  electrolytes  having  a  common  ion.  If 
Ai  and  Aj  are  the  equivalent  conductances  of  the  two  eleotroljtes, 
the  value  of  the  liquid  junction  potential  t  is  given  by  the  formula 


T  — 


^lOR.Al. 


(3) 


The  junction  between  two  different  concentrations  of  two  elec- 
trolytes with  a  cotiuaon  ion  may  be  replaced  by  two  jimcttons, 
one  of  which  connects  two  different  con  cent  rations  of  the  same 
electrolj-te,  and  the  other  connects  two  different  electrolytes  of  the 
same  concentration.    For  example,  the  junctioQ 

0.1  NNaCl|O.OoNHCl 
may  be  replaced  by 

0.1  N  NaCl  I  0.05  N  NaCl  |  0.05  N  HCl 

(A)  (B) 

in  which  the  potential  of  the  junction  (A)  may  be  calculated  by 
equations  (1)  or  (2)  and  the  potential  of  junction  (B)  by  equa* 
tion  (3). 

The  electromotive  force  at  the  junction  of  solutions  of  differently 
concentrated  uni-univalent  ionogens  which  do  not  contain  a  com- 
mon ion  may,  in  like  manner,  be  calculated  by  employing  three 
^junctions.    Thus,  the  junction 

0.1  N  KNOj  I  0.05  N  NaQ 

*  Loe.  dt. 


J 


nuiy  be  replaced  by 

0.05  N  NaCl  |  0.1  N  NaCl  ]  0.1  N  KCl  |  O.I  N  KNO; 
(A)  (B)  (B'J 

The  potential  at  (A)  may  !«  calculated  by  ineaiiH  of  equations  (1) 
or  (2)  and  the  potenlinls  al.  (B)  and  (B'}  l)y  lupiins  of  equation  (3). 

By  the  use  of  (equations  (1),  (2),  and  (3)  in  the  manner  indi- 
cated, it  is  possible  to  cairulate  the  junction-pntontial  between  the 
Eolutions  of  any  two  uni-univalent  ionogens  to  nithin  a  few  tenths 
of  a  millivolt. 

Normal  Electrode  Potential.  The  difference  of  potential  at 
a  reversible  electrode,  when  the  concentration  of  the  ions  of  the 
electrolyte  is  normal,  is  known  a**  the  normal  electrode  potential. 

According  to  Nemst,  the  expretssiou  for  the  diEFcrence  of  potential 
at  a  single  electrode  is 


»  = 


RT,      P 
RT,      C 


i 


ere  P  is  the  solution  pressure  of  the  electrode,  p  is  the  osmotic 
pressure  of  the  iona  of  the  electrolyte,  and  where  C  and  c  are  con- 
centrations proportional  to  P  and  p  respectively.  If  the  concen- 
tration of  the  ions  is  tmity,  c  =  1,  and  the  expression  for  the 
normal  electrode  potential  Eo  becoracs 


Eo 


t^ 


On  subtrairting  (1)  from  (2),  we  obtain 
^0  =  "■  -1-  ^  log,  c, 


(2) 


(8) 


where  c  is  the  concentration  of  the  ions  in  a  solution  whoeie  elec- 
trode potential  is  r.  In  the  actual  determination  of  normal  elec- 
trode potentials,  the  value  of  c  in  equation  (3)  is  usually  very  much 
leas  tlian  unity. 

The  following  table  gives  the  most  important  electrode  poten- 
tials, the  data  in  the  second  column  being  referred  to  the  normal 


J 


caloinol  electrode  as  zero,  and  tlic  data  of  the  third  column  being 
referred  to  the  iiomiiil  hydrogen  electrfxie  as  zero. 

NORMAL  ELECTRODE  P0TENTL\L3. 


H^IODlrmia. 


N.  CUotoal  Ktoeirocla 
-0. 


K.  K.  PoMntUI, 
-0. 


Cul-ioiui. 


Copper. . . . 

Hydrogen . 

Lead 

Mercury  . . 
Plntiniit]!  . 
Putasttiutn. 

Silver 

Sodium 

Tin 

Zinc 


+0.(Mfi 

-0.283 

-0,412 

+0.467 

+0,580  i-a. 

-3.48 

+0.515 

+2  99« 

-0.475 

-1.053 


+0  329 
+0  000 
-0.l2i* 
+0  750 
+0,803  ca. 
-3  20 
+0.718 
+3.281 
-0  192 
-0.770 


AnioDB. 


Bromine. 
Chlorine . 
Iodine. . . 
Oxygen.. 


+0  797 
+  1  067 
+0.346 
+0.110 


+1  08 

+1.36 

+0-62S 

+0.393 


It  should  be  observed  thai  the  value  of  the  nonnal  electrode 
potential  cannot  Im;  calculated  directly  by  means  of  equation  (2) 
owing  to  the  uncertainty  attaching  to  the  quantity  C.  In  fact  the 
best  interpretation  that  we  have  of  the  physical  significance  of  C 
isp  that  it  is  a  quantity  whose  logarithm  is  proportional  to  the 
normal  clcetroile  pot«ntiaI. 

Electrometric  Determination  of  Valence.  The  equation  of 
Ncmat  for  the  electromotive  force  of  a  concentration  cell  may  bo 
employed  to  detennine  the  valence  of  the  ions. 

For  example^  the  chemical  behavior  of  mercuroas  salts  is  such 
06  to  justify  the  use  of  single  or  double  formulas  involving  either 
Hg*  or  Hgi',  To  determine  which  of  these  two  formulas  is  correct, 
Ogg  *  set  up  the  following  cell:  — 

Hgl  0.5  N  Morcuroua  Nitrate  ||  O-Of)  N  \fercurous  Nitrate  1  Hg 
0.1  N  UNO,  O.l  NHNO, 

*  Zeit.  phys.  Cheiii.,  27,  285  (l&OS). 
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and  round  its  eleeiroinotivc  force  iit  17"  to  be  0.029  volt.  Tf  we 
u<^glert.  the  ilifference  of  iwteiilial  at  tiie  junction  of  the  I  wo  solu- 
tions, the  electromotive  force  of  this  cell  may  be  calculated  by  the 
familiar  formula 


E 


Assuming  that  Ox/c\  is  equal  to  10,  ami  passing  to  Briggsian 
rithms,  we  have 

0.029  =  O.D58/n, 
or  n  =  2. 

Hence  the  valence  of  the  inercuroas  ion  is  2  and  it  must,  in  con- 
sequence, I>e  represented  \\\'  Hfe  .  It  follows  that  the  correct  for- 
mula of  mercurou-s  nitrate  is  Hgi(N<).i)a. 

Electrometric  Determination  of  Transport  Ntunbers.  The 
formula  for  the  elwtromotive  force  of  a  concentrution  cell  with 
transference  has  been  .shown  to  Iw  ■ 


^,=^^^log,-. 


(1) 


If  the  electromotive  force  of  such  a  combination  is  measured  and 
the  values  of  c\  and  cj  are  accurately  known,  obviously  the  value 
of  the  traasport  number  of  the  cation  Ur,  can  Ix*  calculated.  If, 
after  having  measured  Et,  a  similar  cell  without,  transference  be 
set  up  and  its  electromotive  force  measured,  it  is  ixissible  to  obtain 
an  expression  for  n.  which  does  not  involve  either  c\  or  cj.  As  has 
been  shown,  the  electromotive  force  of  a  cell  without  transference, 
E,  is  given  by  the  fomaula 

(SO' 


(3) 


Dividing  equation  (1)  by  equation  (2),  we  obtain 

which  expression  gives  the  transport  number  in  terms  of  the  two 
mcasure<l  electromotive  forces.  Tliis  method  for  the  determina- 
tion of  transport  nuinlx-rs  was  first  suggested  by  Helmholtz.* 
The  transport  number  of  the  lithium  ion  has  recently  been  do- J 
*  Gcfl.  Abhl.  1,  840:  U,  979. 
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termincd  in  this  manner  by  Pearce  and  Mortimer  *  using  cells  made 
up  according  to  the  following  schemes:  — 

Ag  I  AgCl,  LiCl  jl  LiCl,  AgCl  |  Ag    (with  trftnaferenoe), 

Ci  OS 

Ag|AgCI,UClILi(Hg),iILi(Hg).|Lia,AgCl|Ag/    without   \ 

Ci  Ct  Vtransference/ 

A  comparison  between  their  results  and  the  values  ^veji  by 

Kohlrausch  and  Holbom  f  i»  afforded  by  the  accompanying  table. 

Coiicrntrat ion  Ratio 1.0-0.1     0.5-0  05    O.I-O.OI     0.05-0.005 

Mnui  n,  (K.  nnd  H.) 0.285  0.300  0.340  0.360 

Mean  n^  (P.  and  M.) 0.279  0.322  0.343  0.305 

It  will  be  observed  that  the  agreement  between  the  tvro  series  of 
results  is  satisfactory. 

Concentration  and  Activity.  If  in  the  equation  for  the  elec- 
tromotive force  of  a  concentration  cell  without  tranaference,  vis., 

we  substitute  the  observed  value  of  E  and  solve  the  equation  for 
the  ratio,  ct/ci,  we  find  that  the  value  thus  obtained  does  not  agree 
with  the  value  derived  from  conductance  measurements.  In  other 
words,  if  trii  and  m-i  arc  the  actual  molar  concentrations  of  the  two 
solutions  forming  the  cell,  and  ai  and  at  are  the  corresponding  de- 
grees of  ionization,  we  find  that  the  ratio  mtat/mia\  is  not  equal 
to  the  ratio  Cj/ci  as  calculated  from  the  electromotive  force  of 
the  cell.  Tliis  is  shown  by  the  following  table  which  gives  the 
ratios  of  the  ionic  concentrations  of  solutions  of  potassium  chloride 
corresponding  to  various  ten-to-one  salt  concentrations. 

RATIOS  OF  ION  CONCENTRATIONS  IN  SOLUTIONS  OP 
POTASSIUM  CHLORIDE. 


CoDWntrftUoo 

RmHo. 

(CouduclauCD). 

(OocUomotiva 
Force). 

06    :005 
0!    :QOl 
0  05  :0  005 
0-01  :0.001 

8  S5 

9  10 
9  30 
9  63 

8.09 
S  33 
8.64 
9.04 

m 


*  Jour.  Am.  Chem.  Soc.,  40,  518  (1918). 
t  LcitvcrmOgcii  do-r  ICloktrolytc,  p.  20L 
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if  the  values  of  cj/ci  in  the  tabic  are  plotted  im  ordinntcs  against 
the  higher  concentration  of  each  pair  of  solutions  as  abscissa,  we 
obtain  the  curves  shown  iu  Fig.  L04.  It  will  be  seen  that  notwith- 
standing the  fact  that  the  ratios  differ  widely  when  calculated  b; 
the  two  methods,  both  sets  of  figures  ajiproach  the  limiting  value, 
10,  at  infinite  dilution.    From  this  it  is  evident  that  the  equation 


of  Nemst  is  only  applicable  to  cells  involving  solutions  which  are 
practic4illy  infinitely  dilute. 

The  figures  in  the  last  column  of  the  table  are  known  as  acHvitf^i 
ratios,  and  the  individual  values  of  ci  and  Cj  are  termed  activi^ 
Hes.  If  it  be  assumed  that  in  0.001  KCI  the  activity  of  the  ions 
is  identical  with  their  concentration,  as  obtained  by  multiplying 
the  totAl  concentration  of  the  salt  by  the  ionization  as  determined 
from  the  conductance  ratio,  then  the  activities  in  0.01  N  KCI  and 
0.1  N  KCI  can  be  calculated.  The  values  so  obtainwl  are  given  in 
the  following  table  together  with  the  corresponding  values  of  the 
ionization  calculated,  (1)  from  the  conductance  ratio,  and  (2)  from 
the  so-called  "  thermodynamically  efifective  "  ionization,  this  latter 
being  the  quotient  obtained  by  dividing  the  activity  by  the  corre- 
sponding total  concentration.  J 

That  the  degree  of  ionization  determined  from  conductance" 
measurements  does  not  agree  with  the  vahie  obtained  from  raeaa- 
urem^nts  of  electromotive  force  has  been  known  for  some  time. 
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.\C*TtVITY  AND 

IONIZATION  OF  POTASSIUM  CHLORIDE 
SOLUTIONS. 

Ball  CDDOAolnttDO. 

AMiTity. 

Ayv 

"  TtMn&odyaunloBlIx 
Effwbv*  "  lomaAtioti, 

1            0  001  N 
^            0.01    N 

0.1     N 

0000079- 
0  00885 
0  0738 

B7  9 
&4  1 
SV  1 

(97.9) 
88.5 
73.8 

It  is  thought  that  the  decrease  in  activity  of  the  ions  with  increa»- 
ing  com'outration  is  due  to  a  change  in  the  nature  of  the  solvent 
brought  about  by  the  electric  charges  on  the  ions. 

Electrometric  Determmation  of  Hydrolysis.  One  of  the  most 
satisfactory  methods  which  we  possess  for  the  determination  of  the 
degree  of  hydrolysis  of  salts  depends  upon  the  measurement  of  the 
electromotive  force  of  cells  made  up  as  follows:  — 

Pta,  I  salt  solution  1  sat.  NH4NO,  *  |1  N  KCl,  HfyCU  i  Hg. 

From  the  measured  electromotive  force  of  the  cell,  the  concentra- 
tion of  the  hydrogen  ion  in  the  solution  can  be  determined,  and 
from  this  the  degree  of  hycirolytic  dissociation  of  the  salt  can  bo 
calculated.  The  method  is  especially  valuable  in  cases  where  the 
concentration  of  the  hydrogen  ion  is  very  small.  Unfortimately 
the  application  of  the  method  is  restricted  to  the  salts  of  metals  less 
noble  than  hydrogen.  In  other  words,  it  cannot  be  used  to  deter- 
mine the  hydrolysis  of  the  salts  of  metals  which  would  be  precipi- 
tated upon  the  platinum  electrode.  The  applicability  of  the 
method  is  further  Umited  by  the  fact  that  certain  ions,  such  as  Fe"", 
NOa',  and  ('lOj',  are  either  wholly  or  partially  reduced  by  the 
hydrogen  of  the  hydrogen  eJcctrode. 

The  met  ho(i  has  been  successfully  applied  by  Denliam  t  to 
the  determination  of  the  hydrol\*5is  of  various  .salts,  among  which 
may  be  mentioned,  aluminium  chloride,  alimiinium  sulphate,  nickel 
chloride,  nickel  sulphate,  cobalt  sulphate,  and  ammonium  chloride. 

As  an  illustration  of  thp  melhoti  we  may  take  the  case  of  am- 

•  A  saturated  eolution  of  ammDniiim  iiilrnU;  is  interposed  brtween  the 
solutlona  to  eliminate  any  difference  of  potcntia]  at  the  junction  nt  the  lolu- 
tions. 

t  Jour.  Ch«m.  Hoc.,  93,  41  (IOCS);  Zcit.  iworg.  Cbcm.,  S7t  361  (1908). 


moaium  chloride  which  dis&ocitttcs  hydrolytically  according  to 
the  equation 

NH4CI  +  H-OH  7^  NH^OH  +  HCl. 
Here  we  Imve  a  weak  base  and  a  vorj'  strong  acid  as  the  products 
of  liydrolytic  (li8so<;iatLon.  While  the  aminoiiiuiii  hydroxide  may 
be  regaixletl  as  prairtically  non-ionizedj  the  hydrochloric  acid  is  to 
be  comsidered  as  having  undergone  complete  ionization.  If  one 
niol  of  ammonium  chlori*le  is  dissolved  in  v  liters  of  water  and  the 
degree  of  liydrolj-lic  dissociation  is  x,  then  the  concentrations  of 
the  pro<luets  of  the  reaction,  ammonium  hydroxide  and  hydro- 
chloric acid,  will  Im*  x/v.  Since  the  ai'id  is  comptetcly  ionizeil,  x/v 
will  also  represent  the  concentrations  of  the  hydrogen  and  chloride 
ions.  Assuming  tliat  the  active  mass  of  the  water  remains  con- 
stant, we  luivc,  according  to  tiic  law  of  mass  action, 


r(l-z)' 

where  A'*  is  the  hydrolytic  constant.  Since  v  U  known,  ft  only  re- 
mains to  determine  x/v,  or  the  couccniration  of  tiic  hydrogen  ions, 
in  order  to  be  able  to  calculate  A'*.  The  potential  at  the  hydrogen 
electrode  is  given  by  the  familiar  formula 

or  denoting  the  normal  electrode  potential  RT  log,  C  by  iro,  we 
may  write 

According  to  Denham,  the  electromotive  force  of  the  cell, 


Ptn,  I  N/32  NH^Cl  [  sat.  NH4NO,  ||  N  KCI,  HgaCla  |  Hg, 
at  25°  is  0.6050  volt,  the  cu  rent  flowing  outside  the  cell  in  the 
direction  of  the  arrow.     The  potential  of  the  normal  calomel 
electrode  being  +  0.56  volt,  it  follows  that  the  potential  of  the 

I      hydrogen  electrode,  x  -  0.56  -  0.6056  ==  -  0.0456  volt.    Thcre- 

L    fore, 

I  -  0.04.50  =  iro  +  ^  log.  ^■ 


^' 


J 
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The  absolute  value  of  (be  poteotial  of  the  nonnal  hydrogen  dee- 
Irode  v^  referred  to  the  norma]  calomel  electrode  as  +  0-56  volt 
aiid  not  ag  zero,  is  +  0.277  volt.  Subetituting  this  value  in  tbe 
forgoing  e(|uation  and  passing  to  Brigguan  logarithms,  we  have 

0.aS9  log  -  =  0.(M56  -  0.277  ^  -  0.2314. 

V 

Solving  this  equation  we  find  x/v  =  0.340  x  10*  gram-ions  of 
hydrogen  per  liter.  Since  the  value  of  x/v  would  l>c  ^  if  the  salt 
were  completely  hydrolyzetl,  the  percentaf^  of  hydrolysis  under 
the  conditions  of  the  experiment,  i.e.»  when  v  =  32,  is 


0.340  X  10*  X  100 
1/32 


=  0.0108. 


Ka  = 


==  0.31  X  10". 


^^KThe  value  of  the  hydrolytic  constant  is  given  by  the  equation 
^A  ^   _        (0.340  X  I0«)* 

li 


32(1  -0.340  X  10») 

The  degree  of  hydrolytie  dissociation  of  ammonium  chloride  has 
been  determined  by  Noyes  from  measurements  of  eletarical  con- 
ductance. The  value  of  x  for  0.01  N  NH4CI  was  found  by  him  to 
be  0.02  at  18°,  while  Denliaiii  found  i  =  0.018  at  25'  by  extrapola- 
tion of  Ilia  electroitietric  data. 

Oxidation  and  Reduction  Elements.  When  a  dissolved  sub- 
stance passes  from  a.  lower  to  a  higher  state  of  oxidation,  the 
change  in  the  positive  ion  may  be  considered  as  due  to  an  increase 
in  the  number  of  electricAl  charges  on  the  ion;  thus,  when  a  ferrous 
salt  is  oxidized  to  the  ferric  state,  the  change  may  be  represented 
by  the  equation 

Fe"-f(-|-)-»Fe"' 

Similarly,  the  reduction  of  a  ferric  salt  to  the  corresponding  fe 
salt  may  be  reprcsent.ed  by  the  reverse  equation,  or 

Fe"'  -*  Fe"  +  (+). 

The  formation  of  zinc  ions  from  metallic  zinc  may  be  considered 
as  an  oxidation,  and  may  be  represented  by  the  equation 

Zn-|-2(-l-)->Zn". 


ELECTROMOTIVE  FORCE 


483 


The  formation  of  negative  ions  from  a  non-metallic  element  may 
bcTOnaidered  aa  a  reduction,  as  for  example,  the  change  of  potas- 
sium ferricyanide  to  potassium  ferrocyamJe,  which  may  be  rep- 
^esented  by  the  equation 

Fe(CN)/"  +  (-)-*  Fe(CN)«"". 

The  foregoing  considerations  lead  to  the  foUowing  de&iution  of 
the  terms  oxidation  and  reduction:  Oxidation  is  the  jtrocess  in 
iphich  a  substance  taken  up  positi»e  or  parts  wtUi  iiegatioe  charge«f 
and  reduction  is  the  process  in  which  a  substance  takes  up  negative 
or  parts  tmih  positive  charges. 

The  potential  difference  between  a  metal  and  a  soJution  of  one 
of  its  salts  is  a  measure  of  the  tendency  of  the  metal  to  form  ions, 
or  in  other  words  is  the  criterion  of  its  tendency  towards  oxidation. 
The  tendency  of  an  ion  in  a  lower  state  of  oxidation  to  pass  over 
into  a  higher  state  of  oxidation  may  be  determined  by  means  of 
electromotive  force  measurements. 

A  typical  oxidation  cell  is  the  following:  ^- 

Pt-  Fe"|!  Fe"'  -  Pfc. 

If  the  platinum  electrodes  are  connected  to  a  lead  accumulator, 
and  a  current  is  passed  in  the  direction  of  the  arrow 


Pt-Fe" 


Fe""  -  Pt, 

— » 


"the  ferrous  ions  on  one  side  of  the  element  will  all  be  oxidized  to 
the  ferric  state,  while  the  ferric  ions  on  the  other  side  will  all  be 
reduced  to  the  ferrous  state,  thus : 

Pt-  Fe"*||  Fe"  -  Pt. 

If  now  the  connection  witti  the  accumulator  is  broken  and  Ihe  two 
platinum  eleetrode-s  are  conricct<Mi  willi  a  wire,  the  folloning  proc- 
ess will  take  pla(%:  —  ferric  ion«  will  give  up  [)OKitivc  charges  to 
one  electrode,  thereby  being  rc^ducod  to  ferrous  ions,  while  the 
charges  given  up  pass  along  the  wire  to  tiie  other  electrode,  there 
converting  some  ferrous  ions  to  ferric  ions.  This  process  will 
continue  until  on  equilibrium  is  established,  in  which  the  ratio 
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Fe"  :  Fe***  will  be  the  same  in  both  solutions.  The  electromotive 
force  corresponding  to  this  cihange  gives  a  measure  of  the  tendency 
uf  the  ions  to  uiKJi^rgo  oxidation,  and  is  directly  proportional  to 
the  ioiiif  concentrations. 

Tlie  following  modification  of  the  Nerast  equation  gives  the 
relationship  between  ionic  concentrations  and  the  retiullin^  elefr 
tromotive  force;  — 


nF' 


where  B((^_»c,)  ia  the  electromotive  force  produced  by  the  passage 
from  the  lower,  or  "ous  "  state  of  oxidation  to  the  higher,  or  "ic  " 
state  of  oxidation;  /'  is  the  potx^ntiiU  when  the  conoentratioos  of 
the  "ous  "  and  "ic  "  ion.s  are  equal,  c  and  d  are  the  ionic  coo- 
a^ntrations  of  the  lower  and  higher  states  of  oudation  respectively, 
and  n  is  the  (hfference  in  valence  of  the  two  kinds  of  ions.  A 
numlx^r  of  oxidation  and  reduction  elements  have  been  studied 
by  Bancroft.* 

Heat  of  Ionization.  If  the  diiTcrcnue  of  potential  Ix'tween  a 
metal  and  the-  solution  of  one  of  its  saJts  is  known,  together  with 
its  temperature  oo*»fficient.,  it  is  pos.sible  to  calculate  the  heat  of 
ionization  of  the  metal  by  means  of  the  Gibbs-Helmholtz  equation, 

^-  Q.+  r!t 

Solving  the  equation  for  Q,  the  heat  evolved  when  one  mol  of  ions 
is  formed  at  the  electrode,  we  have 


Q,(^-T)%nF. 


J 


For  example^  the  potential  of  zinc  against  a  molar  solution  of  sine 
chloride  i.s  —  0.497  volt  at  25°,  and  the  temperature  coefficient  of 
electromotive  force  is  O.OOOfiM  volt  iwr  degree.  Sulwtituting  in 
the  equation,  we  have 

-  0. 197  -  (273  +  25)  X  0.0006G4]  (2  X  96,540  X  0.2394) 

32,120  calories. 

*  Zcit.  phya.  Chctn.,  lo,  387  (1992). 
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is,  the  heat  of  the  reaction 
Zn  +  2(+) 


Zn" 


20  calorics  per  mol  of  zinc. 
I  Cells.  It  is  interesting  to  note  that  ga^es  may  function 
ktrodes  in  much  the  same  way  as  metals  or  amalgams.  Ga^ 
^des  are  asually  preparerl  liy  partially 
isng  strips  of  platinized  platinum  in 
(tion  of  a  suitable  electrolyte,  and 
ing  the  gas  through  tiic  solution  until 
(tant  difference  of  potential  i.**  estalj- 
[between  it  and  the  electrode.  A  veiy 
(Ctory  form  of  gas  electrode  is  shown  in 
K.  Reference  has  already  been  made 
b  hydrogen  electrode  in  connection 
fche  me-asuremcnt  of  single  electrode 
kials. 

b  electrode  is  completely  reversible 
shaves  like  a  plate  of  metallic  hydro- 
he  reaction  at  tlie  electrode  being 
ent«d  by  the  equation 

kmount  of  energy  developed  by  the 
i^  of  a  certain  quantity  of  pa.*  into 
(lie  state  is  precisely  the  quauiity  nec- 
f  and  sufficient  to  produce  the  reverse  *■'«•  105. 

I. 

8  being  true,  the  metal  of  the  electrode  can  exert  no  influence 
the  electromotive  force.  A  hydrogen  concentration  cell 
3  formed  by  connecting  two  hydrogen  electrodes,  containing 
m  at  different  pressures,  through  an  intermediate  electrolyte. 
Srection  of  the  current  is  such  that  the  pressures  on  the  two 
of  the  cell  tend  to  become  equal,  molecular  hydrogen  being 
d  on  the  high  pressure  side,  and  ionized  hydrogen  being  dis- 
&d  on  the  low  pres.iure  side. 
i  electromotive  force  of  such  a  cell  can  be  calculated  by  means 


I 
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of  the  Nemst  equation.  Let  us  consider  a  cell  composed  of  iw> 
b^'drogen  electrodes,  each  at  atmospheric  pressure,  the  H*  ion 
oonccntratioD  in  each  being  Ct,  then 

where  Ct  is  the  molecular  concentration  of  the  hydrogen  diffiolved 
in  the  platinum  at  atmospheric  pressure  pi.  Since  the  hydrogen 
is  present  in  the  form  of  diatomic  molecules,  n  =  2. 

If  now  the  pressure  of  the  gas  at  one  electrode  be  increased  to 
pi,  and  the  corresponding  molecular  concentration  of  the  hydro- 
gen in  the  electrode  be  C'j,  then  we  shall  have 

n     RT ,      C|      RT .     Ct 


or  smce 


(1) 


k 

W  Equation  (1)  applies  equally  well  to  cells  in  wliich  two  different 
^^H  gases  arc  employed.  If  solution  pressures  be  used  in  the  calcu- 
^^B  lalion  of  the  electromotive  force  of  a  gas  cell,  equation  (1)  becomes 

I 


CizCt'.-.pi  :pf, 

_  RT       Pi 


(2) 


where  P|  and  Pt  am  (he  solution  prcssunw  of  the  two  gases.  Since 
the  vahiRrt  of  E  obtaJiH'd  I>y  eqimtion.s  (I)  and  (2)  must  be  equal, 
we  may  write 

RT,      p,      RT,      Pi 


aod 


therefore 


2log,|  =  log.^^, 


I 


Pi      ?l 
Pn^Pi?' 

That  is,  the  ratio  of  the  actual  pi^  pressures  is  equal  to  the  ratio 
of  the  squares  of  the  corresponding  solution  pressures. 
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lonixation  of  Water.  An  important  application  of  the  gas 
cell  is  its  use  in  deteriniuing  tlic  degree  uf  ionization  of  water, 
if  we  measure  tlie  electromotive  force  of  tlie  cell 

PtH,  -  0.1  m  NaOH  -  0.1  m  HCl  -  Ptn., 

and  determine  the  concentration  of  the  H'  ions  on  one  aide  and  the 
concentration  of  the  OH'  ions  on  the  other  side,  we  can  calculate 
the  concentration  of  the  H'  ions  In  the  sodium  hydroxide  solution. 
The  reaction  which  produces  the  current  is  represented  by  the 
equation 

NaOH  +  HCl  =  NaCl  +  H,0, 

or  more  correctly 

H*  -h  OH'  -  H,0. 

At  25**  the  electromotive  force  of  the  above  cell  is  0.64C  volt. 
At  the  junction  of  the  two  solutions  an  electromotive  force  of 
0.0468  volt  is  set  up;  hence  the  true  electromotive  force  of  the 
cell  is  0.646  +  0.0468  =  06928  volt.  The  degree  of  ionization 
of  a  0.1  molar  solution  of  hydrochloric  acid  is  ai  =  0.924,  and 
the  degree  of  ionization  of  a  0.1  molar  solution  of  sodium 
hydroxide  is  ««  =  0.847.  Introducing  these  values  into  the 
Xemst  equation 

we  have 

0.1  X  0.924 


i 


0.6928  =  0.0595  log - 


ca 


Solving  this  equation  for  d,  the  concentration  of  the  H*  ions 
in  the  sodium  hydroxide  solution,  we  find  Oi  to  be  equal  to 
1.66  X  10-".    Therefore 

s  =  CH-  X  c^H'  =  1.66  X  10"  X  0.1  X  0.847  =  1.400  x  10''«, 
and 

CH-  -  fbH'  «  v^  =  ■v^I.406  X  10-'*  =  1.187  X  10'. 

This  value  is  in  excellent  agreement  with  the  values  obtained  from 
measurecncntti  of  the  electrical  conductance  of  water  and  the  speed 
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of  hydrolysis  of  estera.  The  values  of  the  degree  of  JonizatioQ  of 
wa(«r  ut  25°,  aa  determined  by  these  thi:ee  methods,  arc  as  fo^ 
lows:  — 

Electrical  conductance  of  pure  water 1.05  X  10~^ 

Velocity  of  hydmlysis  of  methyl  acetate 1.2    X  10"' 

E.M.F.  of  hydrogen-oxygen  cell M8  X  10"' 

Wlien  we  consider  the  exceedingly  small  extent  to  which  water 
is  ionized,  the  close  agreement  between  these  result*  is  most  aalis- 
factory.  The  correctness  of  these  figures  ciin  be  further  checked 
by  taking  the  values  of  the  degree  of  ionization  of  water  at  two 
temperatures,  and  calculating  the  heat  of  the  reaction 

H'  +  OH'  =  HjO, 

by  means  of  van't  Hoff's  iaochorc  equation. 

ThuH  uc^'ordiiig  to  Kuhlruttseh,  the  degree  of  ionization  of  watd 
is  0.35  X  10-'  at  0°,  aiid  2.48  X  10'  at  50°.    Introducing  tl 
values  into  the  eqtiation 

fix  2.3026  Oog  Kt  -  log  Ki)  TiTt 

and  solving  for  g,  we  obtain  13,810  calories,  a  value  agreeing  well 
with  that  found  by  the  direct  measurement  of  the  heal  of  neu- 
tralisation of  completely  ionized  acids  and  bases,  vu.,  13,700 
calories. 

Storage  Cells  or  Accumulators.  Storage  cells  or  accumulatOTS, 
as  the  name  implies,  are  devices  for  the  storage  of  electrical  energy 
in  the  form  of  chemical  energy.  Any  reversible  coll  may  be 
employed  as  an  accumulator.     Thus,  the  oxygen-hj'drogen  cell 

Pto,  —  Solution  of  Sulphuric  Acid  —  Pta, 

may  be  used  as  an  accumulator,  If  the  gases  resulting  from  the 
elcctrolyj^ts  of  water  are  roltectpd  at  the  electrodes  and  then  usod 
to  produce  a  current.  Practieally,  the  lead  accumulator  is  used 
almost  exclasively.  If  two  lead  plates  are  immersed  in  a  20  per 
cent  solution  of  sulphuric  arid,  a  minute  amount  of  lea<l  sulphate 
will  be  formed  on  the  surface  of  each  plate.  If  now  a  current  of 
electricity  is  passed  through  the  solution,  the  lead  sulphate  on  the 
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cathode  will  undergo  reduclion  to  uietalHc  lead,  and  the  lead  sul- 
phate ou  the  anode  will  be  oxidized  to  lead  peroxido.    In  this  way] 
We  form  the  cell 

Pb  -  20  per  cent  Sol.  H,SO,  -  Pb(>(, 

[Iw  electromotive  force  of  wliich  is  about  2  voll-s.     The  amounts^ 
of  lead  and  lead  jwroxidt;  produced  in  this  way  are  so  small  that 
the  cell  can  only  furnish  a  very  mmiW  amount  of  plectrical  en«rgy. 
In  order  to  inrrcjise  it«  capacity,  the  electrodes  should  Im»  given 
as  large  an  amount  of  suiface  as  po^i^ible.     Tlii.s  may  be  brought 
about  by  the  method  of  Plants,  in  which  the  solution  is  eleo-j 
trolyzed  first,  in  one  directioti  and  then  in  the  other,  thus  causing 
the  plates  to  lx>rome  spongy;  or  by  the  method  of  Faure,  in  which 
a  lead  "grid  "  is  charged  with  a  paste  of  lead  oxide  and  red  lead,  i 
and  is  then  introducwl  into  the  solution  and  the  current  passed  J 
until  we  obtain  spongj-  lead  at  the  cathode  and  lead  peroxide  at  the  ' 
anode.     If  now  the  charging  cinuiit  is  broken  and  the  two  elec- 
trodes are  connected  by  a  wire,  a  eurrerit  will  flow  from  the  peroxide 
plate  to  the  lead  plate,  leufi  sulphate  l>cing  slowly  formed  at  each. 
In  charging  the  accumulator,  the  lead  sulphate  on  the  negative 
clectnxle  is  reduced  to  metiUhc  !eml,  the  reaction  being  represented 
by  the  following  equation:  — 

PbS04  +  2(-)  =  Pb"  +  SO/'. 

At  the  positive  electrode  SO/'  ions  are  liberated  and  they  react] 
with  the  lead  sulphate  and  the  water  of  the  electrolyte  in  the 
following  manner:  —  ^^ 

PbS(>4  +  2  H,0  +  SO,"  +  2  (+)  =  PbO,  +  4  H-  -h  2  SO4".      ^j 

When  the  cell  Ls  discharged  SOt"  ions  are  lilwrated  at  the  lead 
plate  forming  lead  sulphate,  at?  shown  by  the  equation 

Pb  +  SOi"  -h  2  (+)  =  PbSO..  M 

At  the  peroxide  plate  H*  ions  are  dlscbai^ed  and,  in  the  presence 
of  the  electrolj^e,  convert  the  lead  peroxide  into  lead  sulphate, , 
according  Ut  the  equation 

PbOs  +  2  H'  +  HjSO,  +  2  (-)  =  PbSO*  +  2  H»0. 
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Combining  the  foregoing  equations,  we  obtain  the  following  single 
equation  sunimiLrizing  the  chemical  changes  involved  in  the  pro- 
duction of  the  current:  — 

PbOs  +  Pb  +  2  H,SO<  ?=i  2  PbSO,  +  2  H2O. 
The  upper  arrow  reprcsenLs  tlie  reaction  on  discharging,  while 
the  lower  arrow  represenUs  the  rwiction  on  charging. 

The  electromotive  force  of  the  storage  cell  is  approximately 
2  volta.  It  is  not  completely  reversible,  but  under  favorable 
conditions  its  efficiency  is  about  90  per  cent;  that  is,  90  per  cent 
of  the  electrical  enei^  supplied  to  it  in  charging  can  be  recov- 
ered on  discharging.* 

PROBLEMS. 

1.  Calculate  the  heat  of  amalgamation  of  cadmium  at  0°  from  the 
following  data:  —  the  electromotive  force  of  a  cell  made  up  of  a  l-per  cent 
cadmium  amalgam  in  a  solution  of  cadmium  sulphate  ia  0.06836  volt  at 
0",  and  0.0735  volt  at  24*.'J5.  Ana,  510  calories  per  mol  of  Cd, 

2.  The  clcctromutive  force  of  the  cell 

Pb  -  0.01  m  Pb(NO,),  -  sat.  NH4NO,  -  m  KCl,  HgC!  -  Hg 

is  -  0.469  volt  at  25°.  The  lead  nitrate  is  62  per  cent  ionized.  What 
is  the  potential  of  lead  againBt  a  solution  containing  1  mol  of  Pb  ions 
per  liter,  referred  to  the  calomel  electrodes  as  sero? 

Ans.  —  0.405  volt. 

3.  Calculate  the  electromotive  force  of  the  cell 

Cu  amalgam  (a)  —  Solution  CuSOi  —  Cu  anmlgam  (b), 

at  20°.8,  having  given  that  the  concentrations  of  the  amalgams  (a)  and 
0))  are  0.0004472  and  0.(XXn6(>45  respectively.  An*.  0.0125  volt. 

4.  Calculate  the  electromotive  force  of  the  cell 

Cu  -  m  CuSO*  -  0.01  m  CuSO*  -  Cu, 

at  25**,  having  ^ven  the  following  values  for  the  degree  of  ionization  of 
the  two  solutionii:  —  for  m  copper  sulphate,  a=  0.21,  and  for  0.01  m 

*  For  A  ihnroiigh  treatment  of  the  theory  of  the  lead  aecumulftter  the 
Btudcnt  is  recomrocndcd  to  consult  "Die  Theorie  des  Bletaccumulalors  " 
by  F.  Dolcjtalt^k. 

Pot  a  detailcKl  aoeount  of  the  primary  oeltfl  in  conuuon  use  the  reader  will 
find  Carbart'a  "Primary  Battcriea"  moet  satisfactory. 


copper  sulphate,  o  =  0.61.    The  electromative  force  at  Ibe  junction 
the  two  tiolutioQs  umy  lie  neglected.  AtiJi.  0.0i58  volt. 

5.  At  25**  the  electroiiiotive  force  of  the  cell 

Zii  -  0.5  111  ZnS04  -  0.05  m  ZnSO,  -  Zri 
is  0.018  volt.  Neglecting  thr  potential  drvelnpwl  at  thr  junction  of  the 
itutious,  and  asiiuuuiig  ttie  dilute  solution  of  zinc  sulphate  to  be  iooized 
to  the  extent  of  35  per  cent,  find  the  degri-c  of  ionization  of  the  concen- 
trated solution.  Ans.  0.142. 

6.  What  is  the  electromotive  force  of  the  cell 
Zn  -  O.I  ra  ZwSO*  -  0.01  m  ZnSO*  -  Zn, 


I 


St  18"?    For  ZnSO^,- 


Ant.  0.078  volt. 


4 

,  ana 
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,         -  =-  O.aOl,  for  0.1  molar  ZnSO*,  a  =  0.3d, 

for  0.01  molar  ZnSO*,  «  =  0.03. 

7.  The  electromative  force  of  the  cell 

Ag  -  0.001  m  AgXO,  -  ni  KNO,  -  m  KI,  Agl  -  Ag 
is  0.22  volt  at  IS".    A  mnlar  solution  of  KI  is  78  per  cent  ionized,  and  a 
0.001  tnolar  solution  of  AgXOi  is  98  per  cent  ionized.    Culculate  the  boIu-^j. 
bility  of  Agl.  An*.  3.53  X  lO"*  mob  per  liter.    ■ 

8.  The  potential  of  zinc  again.st  a  solution   containing  one  raol  of 
Zu  ions  is  OASy^  volt,  at  18".    Assuming  complete  dissociation^  calciUate, 
the  solution  pressure  of  zinc  in  atmospheres. 

9.  The  electromotive  force  of  the  Dojiiell  cell 

C:u  -  CuS04  -  ZnSO*  -  Zn 
is  1.0960  volt  at  0".  and  1.0961  volt  at  3".    Calculate  the  heat  of  the  l 
tion  taking  place  in  the  cell.  Aixa.  51,070  cidories. 

10.  Calculate  the  electromotive  force  of  the  cell 

PtH,  -  0.1  ni  KOH  -  m  HCI  -  Ptu„ 

at  25",  having  pven  that  0.1  molar  KOII  is  85  per  cent  irmleed  and  ; 
UCt  is  70  per  cent  ionized.  Am.  0.7o7  v 


I 


I 
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PoUri2ation.  If  a  difTerence  of  potential  of  about  1  volt  U 
applied  to  two  platinum  electrodes  iinmeraed  in  a  concentrated 
solution  of  .hydrochloric  acid,  it  will  be  found  that  the  current 
which  patwr-H  at  first,  Rtrf*adily  diminishes  and  ultimately  becomes 
zero.  The  ceasation  of  the  current  has  been  shown  to  be  due  to 
the  accumulation  of  hydrogen  on  the  cathode  and  chlorine  on  the 
anode,  these  two  gases  setting  up  an  oppotsing  electromotive  force 
called  the  eleclr&nwiive  force  of  polarization. 

If  in  the  alx)ve  case  the  applied  electromotive  force  is  increased 
to  1.5  volts,  the  counter  electromotive  force  is  no  longer  sufficient 
to  reduce  the  current  to  zero.  In  fact,  at  any  voltage  above  1.35 
volts  a  coutmuoua  current  passes;  this  is  tenned  the  decomposition 
potcniial  of  hydrocliloric  acid. 

At  all  voltages  above  the  decomposition  potential,  the  current  C 
may  be  calculated  by  means  of  the  formula 


where  K  is  the  applied  eU^etroiiiotive  force,  e  the  counter  electro- 
motivr  forcie,  .and  H  tlu^  resistanc'e  of  the  electrolj'te. 

As  the  applied  electromotive  force  and  the  current  increase,  the 
polarization  increases,  since  the  gases  are  liberated  uniler  a  pres- 
sure greater  than  that  of  the  atmosphere;  but  since  the  gases 
escape  from  the  solution  the  value  of  e  can  never  become  equal 
to  E.  The  decomposition  potential  of  an  electrolyte  ran  Ik* 
determined  in  two  different  ways,  viz.:  (1)  by  gradually  raising 
the  applied  electromotive  force  E  until  it  ^ceeda  e,  vben  the 
current  will  suddenly  increase;  or  (2)  by  charging  the  electrodes 
up  to  atmospheric  pressure  by  means  of  an  electromotive  force 
greater  than  e,  and  then  breaking  the  external  circuit  and  measur- 
ing the  counter  electromotive  force. 

492 


n 


ELECTROLYSIS  AND  POLARIZATION 


The  afrangeincnt  of  apparatus  for  tlie  rnt'asurrmenfc  of  the 
electromotive  force  of  polarization,  as  suggcstptl  by  Le  Blanc,* 
is  inclicated  in  Fig.  106.  A  ia  the  cell  in  which  polarization 
occurs,  B  IS  the  source  of  external  electromotive  force,  C  is  a  capil- 
larj'  electrometer,  /)  is  a  source  of  variable  potential,  and  E  is  one 
prong  of  an  electrically-driven  tuning  fork  which  serves  to  make 
and  hreak  contact  with  the  pouits  F  and  G  in  rapid  alternation. 
When  the  tuning  fork  wakes  contact  at  F  the  polarizing  current 


flows  through  A,  polarizing  the  electrodes;  when  contact  is  made 
at  G,  the  counter  electromotive  force  due  to  this  polari2atioQ 
causes  a  current  to  flow  through  D  and  C.  The  counter  electro- 
motive force  is  balanced  by  varj'ing  D,  until  C  indicates  zero 
current:  the  potential  of  D  is  then  equal  to  the  electromotive  force 
of  polarization.  Just  as  the  electromotive  force  of  a  galvanic  cell 
is  due  to  the  combined  action  of  several  differences  of  potential, 
so  also  the  electromotive  force  of  polarization  is  due  to  the  individ- 
ual differences  of  potential  located  at  the  electrodes.  The  method 
employed  for  the  measurement  of  polarization  at  a  single  elec- 
trode was  devised  by  Fuchs,  and  is  illustrated  diagrainiiiatteally 
in  Fig.  107.  Into  the  vessel  containing  the  electrolyte,  dip  the 
•  Zcit.  phya.  Cbem.,  5»  «9  (18^0). 
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two  electrodes  A  and  B,  md  the  aide  tube  of  tiie  cdotwel  manoal 
'  C  i}  M  tfae  Ming  erf  extefml  efactranotiye  fbrai,  £  i> 
dectrooicta',  and  F  k  m  aonne  of  Tacnfale  fi<<  ■liiii 
Before  doMiig  ttie  extmial  caraH  DilB,  Uhs  potoitnl  id  the 
|cle£trodc  B  asaiiHt  tbc  aolutaan  ■  fini  luiMund  Thai  the  di^ 
[cuit  DAB  m  Amed,  ihtnhy  pnhririiy  tiw  electrode  B.  The 
cacterruht  circaH  isacun  bruken  and  tbepoteotbd  of  B  against  the 
:  remeaaared.  The  dsffereooe  between  the  faial  and  initiil 
I  of  the  electrode  potential  ^res  the  polariaalion  at  £.  In 
like  manner,  the  pobruation  at  the  electrode  A  can  be  measond. 
The  amail  hmmmi  of  electricitj  which  is  neoenan-  to  polariie 
aa  deetrode  is  tenned  the  polaraatum  eapatA§  cf  Ike  deetntdt. 
Thk  factor  uidqiaident  upon  theesctent  ul  surface  of  the  electiode, 
and  also  upon  the  nature  of  the  meial  of  which  the  dectrodeis 
made.  For  electrodes  of  equal  surface,  the  polariaatka  espacity 
of  palladium  is  greater  than  that  of  platinum,  whm  hydrogen 
ia  ^liberatfd  on  each.  The  solubility  of  h>'drogetk  is  greats  in 
palladium  than  in  platinum,  and  eooaequcntly,  because  a  larger 
amount  of  hydrogen  is  dissoI^Td,  a  greater  quantity  of  electricity 
will  be  required  to  bring  the  pressure  of  the  hydrogen  up  to  that 
of  the  hydrogen  dissulved  in  the  pUtinum.  If,  through  the 
proceaKS  of  solution  or  diffusion,  or  through  chemical  action,  the 
snce  which  causes  the  polsoioLtion  is  removed,  the  electrode 
to  be  depoUiriztfi.  Thus,  when  a  reducing  agent,  such  as 
ferrous  chloride,  is  electrolysed,  the  ox>'gen  liberated  at  the  anode 
iiiitnediately  combines  with  the  electrolyte,  forming  ferric  chloride 
and  preventing  jxilurization  of  the  electrode. 

If  water  be  electrolysed  between  platinum  electrodes,  the  cathode 
bfcuni(3i  saturated  with  hydrogen  and  the  anode  «ith  ox>'gen, 
untilj  when  tiic  electromotive  force  of  pulorization  becomes  equal 
to  that  of  the  external  circuit,  the  current  ceases.  The  two 
gaaes,  hydrogen  and  oxygen,  are  soluble,  however,  and  conse- 
qoently  diffuse  a^\'ay  from  the  electrodes,  either  escaping  from 
the  solution  or  recombining  to  fonn  water.  In  order  to  compen- 
sate* fur  this  continuous  loss  of  gas  at  the  electrodes,  a  small  current 
continui-s  to  Huw.  thus  maintaining  the  initial  electromotive  force 
constant.     This  small  current   is  termed   the  reaidtuU  currenl. 
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If  oxygen  is  bubbled  over  the  surface  of  the  cathode  during  elec- 
trolysis, the  hydrogen  is  removed  as  rapidly  as  it  is  liberated. 
Such  an  electrode  on  which  no  new  substance  is  formed  during 
electrolysi:*  is  callcii  iin  unpolari^ahie  electrode. 

Decomposition  Potentials.  The  decompositian  potential  of  an 
electrolyte  caji  be  determined,  as  has  already  been  pointed  out, 
by  immersing  two  platinum  electrodes  in  the  solution  and  connect- 
ing with  a  source  of  electricity,  the  electromotive  force  of  which 
can  be  varied  at  will.  The  voltage  is  gradually  increased  and  the 
corresponding  current  ia  observed.    The  current  increases  at  firstj 


tn«:tro«iotLPe  Fcsce 
Fig.  108. 


and  then  drops  almost  to  zero  every  time  the  voltage  is  raised,! 
until  the  decomposition  potential  is  reached.  Beyond  this  point 
the  current  is  directly  proportional  to  the  electromotive  force. 
If  the  applied  elcctnimotive  forces  are  plottetl  as  abscissffi  and 
the  corresponding  currents  as  ordinates,  we  obtain  ciin'es  of  the 
form  shown  in  Fig.  108.  Some  of  the  decomposition  potentialsj 
of  molar  solutions  determined  by  Le  Blanc  *  are  given  in  the  accom-» 
pan^Hug  tables. 
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SALTS. 


tun. 


ZoBOi ... 
ZoBri... 

NiSO,. 
Nia, 
Pb(NO,) 
AgNO..  . 


PM«toL 


Volu. 

2.35 

I  80 
2.00 
1.85 
I.B2 
0.70 


8d«. 


CdCNO,), 
CdSO, 
OK3.... 
CoBO,  . 
Goa, 


DVCDBIp. 


Volu. 

1  98 

2  03 

1.88     J 

192     ■ 

1  78 

ACIDS. 


Acid. 


DeAMup. 


H,B04 
HXO,   , 

ILltJi 

CH,C1.CX)0H. 
CEICU.COOH. 
CHifCOOH)!. 
HCIOi 

nci 

(COOII). 

HUr 

HI 


Volu. 

1  67 
1.60 
1,70 
1  72 
1  66 
1  60 
1.6S 
1  31 
0  05 
0  04 
0.52 


BASES. 


Bms. 

DeoDinp. 
Pot«eitu). 

NaOII 

KOH 
\H,<)H 

Volta. 
]  60 
I  67 
1  74 

It  will  Im'  nhservpd  that  while  thnro  is  t'onsidrrablp  variation  in 
thi'  decomposition  potentials  of  salts,  there  is  very  little  variation 
in  tho  decompodtion  potentials  of  acids  and  bases.  There  is  a 
binnxinnitii  vaUie  of  about  1.70  volts  to  which  many  acids  and 
rbases  closely  approximate.  It  is  found  that  all  acids  and  bases 
which  decompose  at  1.70  volts  give  off  hydrogen  and  oxygen  at 


CoDocDtntion. 

Deoomp, 
Puuntial. 

2  mHCI 

\  m  IICI 

i  mHCI 

A  m  HCl 

f  m  HCl 

Vulu. 

1.26 
1  34 
1  41 

1  62 

1  m 

ELECTROLYSIS  AND  POLARIZATION 

be  electrodes.  Thnsi-  acids  and  liases  which  decompose  at 
potentials  less  thim  the  rnaxirnurn,  do  not  liberate  hydrogen  and 
oxygen.  When  their  solutions  are  sufficiently  diluted,  however, 
hydn^en  and  oxj'gen  are  evolved  and  the  decomposition  potential 
rises  to  the  maximum  value.  Thus,  Le  Blanc  found  the  following 
values  for  the  decomposition  potential  of  different  dilutions  of 
hvdrocbloric  acid. 

h 

f         When  2  m  hydrochloric  acid  is  clectrolyzed,   hydrogen  and 
chlorine  are  given  off  at  the  clectrodea,  whereas  when  the  concen- 
tration of  the  acid  ia  reduced  to  1/32  m,  hydrogen  and  oxygen 
are  the  products  of  electrolysis,  and  the  decomposition  potenti:U 
I      increases  to  1.70  volts.     It  is  found  that  the  values  of  the  decom* 
[      position  potentials  vary  slightly  with  the  nature  of  the  electrodes 

I  used.    The  above  values  were  determined  with  platinum  elec- 

II  trodes. 
The  Theory  of  Polarization.     Our  knowledge  of  the  process 

taking  place  at  the  ck-ctrodc-s  during  electrolysis  is  largely  due 
to  the  investigations  of  Le  Blanc.  He  determined  the  electro- 
motive force  of  pwlarization  at  each  electrode,  var>'inR  the  external 
electromotive  force  from  zero  up  to  the  decomposition  potential 
of  the  solution.  Wlien  the  decomposition  value  was  reached,  he 
found  the  potential  of  the  electrode  against  the  solution  to  be  the 
same  as  the  difference  of  potential  between  the  solution  and  the 
element  liberated  at  the  electrode.  Thus,  the  decomposition 
potential  of  a  molar  solution  of  zinc  sulphate  is  2.35  volts;  the 
corresponding  difference  of  potential  between  the  electrode  and 
the  solution  is  found  to  be  0.493  volt.  If  a  piece  of  pure  zinc 
is  immersed  in  a  molar  solution  of  sine  sulphate,  the  difference 
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of  potential  is  found  to  l>e  0.493  volt,  the  metal  being  negative 
to  the  solution.  It  frequently  happens  that  the  eIet*trode  exhibits 
the  potential  due  to  the  deposited  metal  before  the  decomposition 
point  of  the  solution  is  reached.  For  example,  in  a  molar  solution 
of  silver  nitrate  thn  electrode  aequirf-s  the  potential  of  pure  silver 
in  molar  silver  nitrate  before  the  decomposition  value,  0.70  volt, 
is  reached.  This  is  due  to  the  negative  solution  preflsure  of  the 
silver  which  causes  the  deposition  of  the  ions  of  the  metal  without 
the  application  of  any  external  electromotive  force.  ^Vhen  an 
indilTcrent  electrode,  such  as  pUitinum,  is  immersod  in  a  solution 
of  a  salt,  a  ver\'  siuuU  amount  of  ionic  deposition  must  occur, 
othcmise,  according  to  the  Nemat  equation,  an  infinite  electro- 
motive force  must  be  established.     Thus,  in  the  equation 


/?r,     P 


if  the  solution'  pressure  P  =  0,  it  is  evident  that  t  =  oo  and 
perpetual  motion  must  result.  We  are  thus  forced  to  the  con- 
clusicm  that  when  an  indilTerent  electrode  is  immersed  in  a  salt 
solution,  ions  will  continue  to  separate  upon  it  until  the  tendency 
for  the  deposited  metal  to  go  l>ack  into  solution  in  the  ionic  state 
exactly  counterbalances  the  tendency  to  separation.  Hence,  the 
electrode  will  become  positive  toward  the  solution.  The  magnitude 
of  this  difference  of  potential  will  be  dependent  upon  the  amount 
of  metal  deposited.  It  is  to  be  noted  that  this  difference  of 
.  potential  need  not  be  equal  to  that  between  the  massive  metal 
and  the  solution.  If  the  electrodes  l>e  connected  with  an  external 
source  of  electromotive  force,  the  value  of  which  can  be  varied  at 
will,  and  a  small  electromotive  force  be  applied,  more  metal  will 
separate  on  the  cathode.  This  will  cause  an  increase  in  the  solu- 
tion pressure  P,  tending  to  offset  further  de[>osition.  A  still 
further  increase  in  the  external  electromotive  force  will  cause  the 
(ieiwwition  of  more  rnelal.  and  as  a  result  of  the  corresponding 
increase  in  P,  further  depotqtion  at  that  voltage  will  be  pre- 
vented. DUirnately,  when  the  applied  electromotive  force  b 
such  that  P  acquires  its  maxinium  value,  equivalent  to  that  of 
the  massive  metal,  continuous  deposition  will  occur.      An  exactly 
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analogous  p^t^^;(:•^s  lakes  piace  at  ihi*  anode.  Jf  a  gas  is  liberated, 
its  concentration  b^leadily  iut-reases  until  tlie  inuxitnuni  pressure 
is  n'ached,  wtien  it  wilt  <  si'jipe  froin  the  solution.  When  strong 
currents  are  employed,  P  does  not  reniain  eoiiistant,  as  bas  been 
assumed  al>ove,  hut  gradually  diininishey  causing  the  difference  of 
potential  at  the  electnxle  to  increase.  ^| 

From  the  aiwve  conKiderations  it  becomes  clear  why  a  definite^" 
electromotive  force  i.s  necessary  to  bring  about  a  continumis 
decomposition  of  an  electrolyte:  this  will  only  take  place  when 
the  concentrations  of  the  substances  sepiu-ating  at  the  electrodes 
have  attained  their  maximum  values.  When  the  decomposition 
point  is  reached,  the  electrode  exhibits  the  jwtential  characteristic 
of  the  ma-ssive  metal.  It  is  evident  from  the  l^ehanor  of  silver 
nitrate  and  the  salts  of  other  metals  having  negative  solution 
pressures,  that  the  maxinmiii  values  of  concentration  at  the 
the  electrodes  need  not  necessarily  be  attained  sinmltaneously.     ^h 

When  the  products  of  electrolysis  arc  Raseous,  the  value  of  th9^| 
decomposition  potential  depends  upon  the  nature  of  the  electrodes. 
Thus,  the  cell  ^ 

PtH.  -  m  HiSO*  -  Pto,  4 

^ves  an  electromotive  force  of  1.07  volts  if  platinized  platinum 
electrodes  are  useti.  If  an  external  eleutrmnutive  force  slightly 
greater  than  1.07  volts  be  applied  to  this  cell  in  the  reverse  direc- 
tion, water  wU  be  steadily  decomposed,  hydrogen  and  oxygen 
being  evolved  at  the  electrodes.  If  on  the  other  hanti,  the  plati- 
nized electrodes  are  replace<l  by  electrodes  of  polished  platinum, 
the  decomposition  potential  rises  to  1.68  volts.  The  reverse 
electromotive  force  of  polarization,  however,  ia  only  1.07  volts. 
That  U,  the  liberation  at  gas  at  a  polished  platinum  electrode  ia 
an  irreversible  process.  The  difference  in  the  behavior  of  the  ^J 
two  electrodes  is  explicable  when  it  is  remembered  that  platinum  H 
IS  capable  of  occluding  large  amounts  of  gas.  A  platinized  elec- 
trode absorbs  the  liberated  gas  very  slowly,  and  when  thoroughly 
saturated,  if  it  is  not  entirely  immersed  in  the  solution,  it  gradually 
gives  up  the  gas  l»y  diffusion,  no  bubbles  Iwing  fonned.  Thus,  if 
the  external  electromotive  force  be  raised  to  1.07  volts,  the  system 
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will  be  in  equilibriiun,  while  if  the  applied  electromotive  force  be 
greater  or  less  than  the  equilibriuii)  value,  a  current  nil)  Sow  in 
one  diiectiun  or  the  other,  gas  being  either  liberated  or  dissolved. 
In  other  words,  the  cell  is  completely  reversible. 

Wliere  polished  platinum  or  gold  electrodes  are  used,  however, 
the  decomposition  potential  is,  as  has  been  stated^  1.68  volt«. 
Polished  electrodes  have  relatively  small  absorbing  power.  Hence, 
if  an  electromotive  force  between  1.07  and  1.68  volts  be  applied, 
the  gases  cannot  diffuse  away  from  the  electrode  rapidly  enough, 
and,  when  the  solution  in  the  vicinity  of  the  electrodes  becomes 
saturated  with  gas,  the  current  ceases  to  flow. 

A  very  slow  process  of  diffusion  from  the  solution  into  the  air 
is  constantly  taking  place  however,  and  this  permits  the  continu- 
ous evolution  of  an  exceedingly  small  amount  of  gas,  while  a  corre- 
spondingly small  current  traverses  the  sohition. 

In  order  to  produce  a  steady  electrolysis,  it  is  neccssarj"  to  raise 
the  external  electromotive  force  to  such  an  intensity  that  it  is 
able  to  bring  about  the  formation  of  bubbles  at  the  surface  of  the 
electrodes.  This  calls  for  the  expenditure  of  an  amount  of  work 
depending  upon  the  condition  of  the  electrode  surfaces,  the  sur- 
face tension  of  the  solution,  and  various  other  factors.  In  cases 
.where  bubbles  arc  formed,  ii  portion  uf  the  available  enei^  of 
the  chemical  process  is  not  exix'nded  in  effecting  electrical  separa- 
tion; consequently*  the  reverse  electromotive  force  is  less  than  the 
applied,  and  the  system  is  irreversiblf. 

The  reactions  at  the  electrodes  are  catalytically  accelerated  by 
the  metal  of  which  the  electrodes  are  made.  Thus,  platinized 
platinum  is  the  most  effective  catalyst  for  tlie  reaction  represented 
by  the  equation 

H,  +  2(+)f*2H'. 


Hydrogen  is  liberated  on  platinized  platinum  at  the  potential 
0  volt,  on  polished  platinum  at  0.09  volt,  and  on  zinc  at  0.70  volt- 
The  electromotive  force  mtcesstirj*  to  overcome  the  rcsist-ance  of 
the  chemical  reaction  at  an  electrode  is  termed  the  overvoUage, 
Thus,  we  say  that  hydrogen  is  liberated  on  polished  platinimi  with 
an  over^'oltage  of  0.09  volt,  and  on  zinc  with  an  overvoltage  of 
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0-70  volt".    TTic  following  table  gives  the  overvoltage  necessary 
for  the  tiberation  of  hydrogen  and  ox>'geQ  on  electrodes  of  di£fer-j 
ent  metals. 

ELECTRODE  OVERVOLTAOES. 


HjnJrggMi  Libsratioa. 


Hatel. 


Pt  (platinised) 

Au 

FeOnNaOH). 
Pt  (polished). 

Af 

nT 

Cu 

Pd 

So 

Pb 

Zd 

Hg. 


Overvelt0c«. 


0.00 

0.01 

0  as 

0  00 
0  15 
0.21 
023 
046 
053 
0.64 
0  70 
0.78 


OiycMi  I.ibenttaD. 


ll«t«L 


Au 

Pt  [poliBhed) . . 

Pd 

Cd 

^fi::;::::;... 

Cu 

Fe 

Pt  (platinixed) 

Co 

Ni  (polished), 
Xi  (spongJ'^  .  . 


OvwvolUc** 


1.76 
1.67 
1.65 
1  65 

1  63 
1.53 
1.48 
1.47 
1.47 
1.36 
1  35 
1.28 


Primary  Decomposition  of  Water  in  Electrolysis.  The  decom- 
position pulciitiul  uf  an  electrolyte  giving  off  hydrogen  and  oxygen 
at  the  electrodes,  i-s  ile|>endent  upon  the  concentrations  of  the  two 
ions,  H'  and  0H\  and  is  independent  of  the  nature  of  the  electrolyte. 
As  has  already  been  stated,  the  decomposition  potential  of  all 
acids  and  bases  ^ving  off  hydrogen  and  ox>'gen  approximates  to 
1.70  volts.  According  to  the  law  of  mass  action,  the  product  of 
the  concentrations  of  the  H"  and  OH'  ions  is  constant  and  inde- 
pendent of  the  other  substances  which  may  Ije  present;  hence, 
although  the  potentials  of  the  individual  electrodes  may  differ 
considerably,  their  sum  remains  practically  constant. 

Excluding  solutions  of  salts  which  undergo  reduction  by  hydro- 
gen, and  solutions  of  chlorides,  bromides,  and  iodides  reducible 
by  oxygen,  the  ions  H*  imd  OH',  according  to  Le  Blanc,  are  to 
he  regarded  as  the  sole  factors  in  the  electrolysis  of  solutions,  and 
not  the  ions  of  the  dissolved  electrolyte.  In  other  words,  elec- 
trolysis involves  a  primary  decomposition  of  water. 

The  electrical  conductance  of  the  solution  is  due  to  the  ions  of 
the  electrolyte  together  with  the  ions  of  water,  but  at  the  electrode 
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that  process  takes  place  which  involvea  the  expenditure  of  the 
ininimum  amount  of  cnerg>',  and  this  is,  under  ordinarj*  conditions 
the  separation  of  the  H*  and  OH'  ions. 

Thus,  when  a  solution  of  potassium  sulphate  is  electrolyxcd, 
only  a  moderately  strong  current  l>eing  used,  it  is  not  rational  to 
assunif*  the  discharge  of  the  K'  and  SO*"  ions  at  the  electrodes, 
and  then  subsequent  reaction  between  these  discharged  ions  and 
water.  This  may  be  made  clear  by  eonsidering  the  process  taking 
place  at  the  cathode.  According  to  the  explanation  based  upon 
so-called  "secondary  action,"  the  K'  ions  give  up  their  positive 
charges  to  the  electrode  and  then  react  with  water  as  indicated 
by  the  equation 

K  +  H'  +  OH'  -»K'  +  OH'  +  H. 

This  explanation  mvolves  the  transfer  to  the  potassium  atom  of 
the  positive  chaise  of  the  H'  ion  of  water;  this  can  only  take  place 
if  the  H'  ion  holds  its  charge  less  tenaciously  than  the  K'  ion. 
Hence,  if  the  H*  ion  parts  with  its  charge  more  readily  than  the 
K'  ion,  the  former  will  be  discharged  primarily  at  the  cathode. 
Similar  reasoning  may  be  employed'  to  explain  the  action  at  the 
anode.  Therefore,  in  electrolysis  all  of  the  ions  participate  in 
conducting  the  current  and  collect  around  the  electrodes,  but 
since  the  H*  and  OH'  ions  separate  more  easily,  these  are  dis- 
charged. With  stronger  currents  it  is  possible  to  cause  the  separ- 
ation of  tht'  K'  and  SO/'  ions  al.so^  since  the  number  of  H*  and  OH' 
ions  present  is  too  small  to  carry  all  of  the  current,  and  the  energy 
required  to  discharge  the  ions  of  the  electrolyte  is  Itss  than  that 
necessarj'  to  remove  the  small  number  of  residujil  H'  and  OH' 
ions.  The  formation  and  decomposition  of  water  are  reversible 
processes,  so  that  no  loss  of  energy  is  involved,  as  would  be  the 
case  if  secondary  actions  orciirred. 

Electrolytic  Separation  of  the  Metals.  Freudenberg  *  was  the 
first  to  recognizti  the  possiljility  of  effecting  the  quantitative 
separation  t>f  different  metals  by  means  of  grade*!  electromotive 
forces.  He  showed  that  it  was  only  necessarj-  to  select  a  salt  of 
each  metal  the  decomjxwition  potentials  of  which  differ  a^  widely 
as  pofisible,  and  electrolyze  at  an  electromotive  force  intermediate 
•  Zcit.  phys.  Chem.,  la,  97  (1893). 
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tween  these  potential.  The  salt  haviug  the  lower  decomposi- 
tion potential  will  decompose  first,  and  when  the  deposition  of 
the  metal  is  complete,  the  current  will  practically  cease;  then  if 
the  applied  electromotive  force  be  raised  above  the  decomposition 
potential  of  the  second  salt,  the  second  metal  will  he  deposited. 
In  practice  it  is  found  necessary  to  increase  the  appUed  electro- 
motive force  slightly  because  of  the  gradual  decrease  in  the  num- 
ber of  ions  of  the  salt  having  the  lower  decomposition  potential. 
The  amount  of  this  increase  may  be  readily  calculated  from  the 
familiar  equation 

RT,       P 

Suppose  a  mbcturc  of  the  nitrates  of  cadmium,  load  and  silver  is 
subjected  to  electrolysis,  the  decomposition  potentials  of  the  salta 
being  as  foUows:  — CdCNOjJs  =  1.98  volts,  Pb(NOa)t  =  1.52 
volts,  and  AgNOj  =  0.70  volt.  The  applied  electromotive  force 
is  made  a  little  less  than  1  volt  and  all  of  the  silver  is  deposited; 
then  the  electromotive  force  is  raised  to  about  1.6  volts,  thus 
depositing  all  of  the  lead;  imd  finally,  with  an  electromotive  force 
of  about  2  volts  the  cadmium  is  deposited. 

In  the  subjoined  tjible  are  pven  the  separation  potentials  of 
some  of  the  ions,  the  separation  potential  of  the  H'  ion  being 
assumed  to  be  equal  to  zero. 

SEPARATION  VALUES  OF  IONS  FOR  MOLAR  CONCENTRA-  ^ 

TIOX 
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loa. 

Sofwntjoti 
Potential. 

Ion. 

SapAratioa 
Potenti*!. 

Ah" 

-0.78 
-0.34 
0.0 
0.17 
0.3S 
0.74 

r 

0.62 

Cu" 

Br' 

0  94                   J 

H" 

O" 

1  OS  {in  acid)  1 
1.31 

Pb" 

CI' 

Cd" 

OH' 

1  6S  (in  acid) 
O.ftS(inbaw) 
1.9 

Zn" 

OH' 

S0«" 

According  to  this  table  the  decomposition  potential  of  water  is 
equal  to  the  sum  of  the  separation  potentials  of  its  ions,  or  1.68 
volta. 
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Radiant  Energy.  The  visiliU*  portion  of  the  spectrum  is  com- 
prised between  tlie  extreme  red  at  one  end  and  the  extreme  \nolet 
at  the  other;  the  wave-length  corresponding  to  the  former  is 
approximately  0.7  micron,  while  that  eorrt\s ponding  to  the  latter 
18  about  0.4  micron.  The  visible  portion  of  the  spectrum,  how- 
ever, is  but  a  small  fraction  of  the  entire  speetrum.  Beyond  the 
rcfl  of  tlie  visible  si«^ctruni  lies  the  region  of  the  so-eaUed  infra- 
nni,  comprising  all  wave-lengt.hs  from  0.76  micron  up  to  300  mi- 
crons. Beyond  the  infra-rod,  between  300  and  2000  microns,  ie 
an  vmmea-siired  re.gion.  which  is  Hucceoded  by  the  region  of  elec- 
trical waves,  extending  from  2000  microns  to  an  undetermined 
maximum.  On  the  other  hand,  extending  beyond  the  violet  of 
the  visible  spectrum  is  the  so-called  ultra-violet  or  actinic  region, 
comprising  all  wave-lengths,  between  0,4  micron  and  0.1  micron. 
It  thus  appears  that  heat,  light,  and  electricity  are  all  forms  of 
radiant  energj*.  the  only  distinction  between  them  being  a  differ- 
ence in  wave-length.  Ver>'  little  is  known  concerning  radiant 
energy,  and  up  to  the  present  time  all  attempts  to  resolve  it  into 
a  capacity  and  an  intensity  factor  have  failed.  Whatever  may  be 
the  nature  of  this  form  of  energy,  we  know  that  the  effects  produced 
by  it  are  dependent  upon  the  wave-length  of  the  radiation. 

Wo  have  already  devoted  several  chapters  to  the  consideration 
of  thermochemistry  and  electrochemistry,  and  it  now  remains  to 
study  very  briefly  the  connection  between  chemical  energy  and 
that  subdivision  of  radiant  energy  called  light.  This  branch  of 
theoretical  chemistry  is  tenne<l  pkofochemutry.  The  ultra-violet 
or  actinic  rays  are  the  most  active  chemically,  although  light  of 
every  wave-length,  including  the  invisilile  infra-red.  is  capable  of 
produciJig  chemical  action.  When  light  falls  upon  a  substance,  a 
portion  of  the  incident  radiation  is  reflected,  a  portion  is  absorbed, 
and  a  ix>rtion  is  transmittt^d.     It  has  been  shown  that  only  that 
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portion  of  the  inciilrnt  r:i(HHtion  wliich  is  absorbed  is  effective  in 
produfing  rhomiral  change. 

Riuliaiit  energy'  \ms  been  shown  by  Lebetlew,*  and  also  by 
Nichols  and  Hidl.t  to  exert  a  definite,  though  extrem^y  .small 
pressure.  Thus,  the  pre.ssure  of  solar  radiations  on  the  earth  is 
equivalent  to  that  of  a  coliunn  of  mercury  1.4  X  10^  mm.  high. 

Source  of  Radiant  Energy.  According  to  the  electromagnetic 
theory  of  light,  the  emission  of  waves  of  light  from  a  material 
source  is  due  to  the  vibrations  of  minute  charged  particles  called 
rmiiators.  These  radiators,  which  may  be  either  atoms  or  elec- 
trons, give  rise  lo  electromagnetic  waves  of  the  same  periwl  as 
their  own,  that  is,  to  light  wave^  of  definite  length.  The  energy 
required  to  produce  these  electromagnetic  waves  is  derived  from 
the  vibrating  syst-em  itself,  and  unless  an  equivalent  amount  of 
energ>'  is  constantly  supplied  to  the  system,  the  amplitude  of  the 
vibrations  will  steadily  diminish  and  ultimately  cease. 

There  are  two  different  ways  in  which  this  supply  of  energ.v  can 
be  maintained.  Firat,  the  temperature  of  the  vibrating  sj-stem 
as  a  whole  may  be  kept  high.  This  type  of  radiation,  which  ia 
maintained  by  purely  physical  mean.'s,  is  called  pure  temperature 
radiation.  Every  substance  whose  temperature  is  above  the  abso- 
lute zero  (—273'')  gives  rise  to  pure  temperature  radiation.  The 
higher  the  temperature,  the  more  rapid  and  the  more  energetic  the 
atomic  and  electronic  vibrations  become.  With  increase  in  rapid- 
ity of  vibration,  there  results  a  corresponding  diminution  in  wav&* 
length,  so  that,  as  the  temperature  is  raised,  the  longer  heat  waves 
are  succeeded  by  the  shorter  wavtw  of  tlic  visible  region  of  the 
Spectrum.  When  a  sufficiently  high  temperature  is  reached,  the 
period  of  vibration  l>ecomes  so  rapid  as  to  cause  the  radiation  of 
waves  corresponding  to  the  entire  range  of  the  visible  spectrum. 
At  higher  temperatures,  the  rate  of  vibration  is  such  that  the 
vibrating  |jarticles  must  of  necessity  possess  extremely  small  mass: 
it  is  (.commonly  believed  that  imder  these  conditions  the  ^nbratioa 
is  wholly  electronic. 

The  second  way  in  which  cnerg>'  may  be  supplied  to  the  vibrating 


•  Rapp.  pres  au  Coiifcrefi  tic  Phyaiquc,  a,  133  (1900). 
t  Phya.  Rev.,  13,  293  (1901). 
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atoms  or  electrons  is  by  chetnieal  or  electrical  tncana.  The  general 
term  Inminescence.  lias  I>een  proposetl  by  Wiedemaiiri  for  all  cases 
whore  lumiiiouB  energy  is  (icrivetl  from  other  sources  than  high 
tcinpemture.  It  la  to  tx*  okstyved  tliat  luminescence  is  frequently 
exhibited  by  systems  whose  temperatures  are  comparatively  low. 
For  example,  notwithstanding  the  fact  that  tiie  flame  resulting 
from  the  combustion  of  cArlion  dl^ulphidc  Ims  a  temperature  of 
only  150",  it  hajs  l>een  found  to  be  cjipable  of  affecting  the  photo- 
graphic plate.  Pure  temperature  radiation  atone  at  150°  would 
correspond  to  long  waves  in  the  infra-red  region  of  the  spectrum 
and,  ae  is  well  known,  such  waves  are  incapable  of  exerting  appre- 
ciable photographic  action. 

Emission  and  Absorption.  The  relation  between  the  emissive 
and  aljsorptive  powers  of  different  bodies  was  first  clearly  enun- 
ciated by  KirchhofT  *  in  18o9.  This  law  may  be  stated  as  follows: 
—  Light  of  any  given  wave-length  emitted  by  a  body  can  aUo  be 
absorb&i  by  the  sajnc  body  nt  a  lower  temperature.  This  law,  it  will 
be  seen,  offers  a  satisfactory  explanation  of  the  Fraunhofer  lines  in 
the  solar  spectrum.  The  sun  is  surrounded  by  a  gaseous  atmos- 
phere resulting  from  the  vaporization  of  the  elements  present  in  the 
body  of  the  sun.  tiach  element  in  the  cooler  gaseous  envelope, 
according  to  Kirchhoff's  law,  al^torbs  those  wave-lengths  which  it 
emits  at  tho  higher  temperature  of  the  solar  nucleus.  The  result- 
ing dark  lines  of  the  solar  spectrum  have  enabled  the  astronomer  to 
determine  the  elementar>'  composition  of  the  sun. 

If  the  emissive  and  absorptive  powers  of  a  Iwdy  \>e  denoted  by 
E  and  A  respectively,  then  according  to  Kirchhoff's  law, 

E/A  -  .?,• 

where  S  is  a  constant.  When  absorption  is  complete,  A  is  unity 
and  S  ^  E.  Under  these  conditions  the  constant,  S,  may  be  de- 
fined as  the  emissivity  of  a  body  which  absorbs  all  of  the  incident 
r.'idiation  and  reflects  none.  Such  a  iK)dy  was  called  by  Kirch- 
hoff  a  pci-fcctly  black  body.  The  emissivity  of  a  perfectly  black 
body  is  equal  to  the  ratio  of  the  emissive  to  the  absorptive  power  of 
any  body  at  the  same  tempcratuic.     A  familiar  qualitative  illue- 

*  Ostwuld'a  Kbssikcr,  No.  lOO  11S9S). 


tratioD  of  Kirclihoff's  law  is  that  afforded  by  the  appearance  of 
a  fragment  of  white  chinaware  possessing  a  dark  pattern  when 
heated  lo  a  high  temperature.  The  dark  parts  of  the  design  absorb 
light,  wliile  the  white  parts  reflect  it.  On  heating  the  fragment  to 
redness,  the  pattern  will  be  reversed,  the  dark  ixirUuns  of  the 
design  ap|)eariug  bright  and  the  white  portions  <t:Lrk. 

It  has  bcx;n  sliown  that  the  law  of  KiicldiofT  is  a  necessary  con- 
sequence of  the  appHfution  of  the  second  law  of  thermodynamics 
to  the  thcrmiii  e<iuilibriimi  within  an  enclosure  whose  walls  are 
nnpervious  to  hciit. 

The  Stefan-Boltzmann  Law.  From  a  study  of  the  e; 
ment6  of  Dulong  and  I*etit  on  the  rate  of  cooling  of  different  bodies,' 
Stefan  •  discovered  an  empirical  relation  between  the  total  radia- 
tion of  a  body  and  its  temperature.  Later,  Boltzmann  t  derived 
the  same  relation  thcrmod>'namically  and  showed  that  instead  of 
being  general,  as  Stefan  supposed,  it  is  only  strictly  applicable 
to  a  perfectly  black  body.  The  Stefan-Boltzmann  law  may  be 
stated  as  follows:  —  The  total  radiation  from  a  perfectly  black  body 
is  directly  proportional  to  the  fourth  power  of  the  absolute  tempera- 
ture.   If  the  total  radiation  be  denoted  by  S,  wc  may  write 


^^ 


S  =  CT*, 

where  C  is  a  constant.  If  the  radiation  from  the  sun  be 
eidered  solely  as  a  temperature  effect,  its  temperature  may  be 
calculated  by  the  above  equation  expressing  the  Stefan-Boltzmann 
law.  Emplo>'ing  available  bolometric  data,  the  temperature  of 
the  sun  may  thus  be  shown  to  l»e  6200**  absolute. 

The  Displacement  Law  of  Wien.  Having  considered  the  total 
energy  radiated  by  a  given  source,  we  now  come  to  the  considera- 
tion of  the  distribution  of  energy  tliroughout  the  entire  spectrum 
in  it«  relation  to  temperature.  The  results  of  the  experiments 
of  Luinmcr  and  Pringshcim  |  on  the  distribution  of  energy  in  the 
nonnal  spectrum  of  a  black  body  are  shown  by  the  curves  of  Fig. 
109.     The  values  of  the  energ}'  radiated  by  the  source  are  plotted 

•  Silz.  Bi-r.  Wiontr  Akad..  79  (H),  391  (1879). 
.      t  Wi«i.  Ann.,  «,  201  (1884). 

t  Vcffa.  doutecb.  phys.  Gee.,  i,  230  (1889);  3,  36  (1901). 
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as  ordinates  against  the  corresponding  values  of  the  wave-length 
as  abscissa.  It  will  be  olwervcd  that  the  ener^*  rorrespODding  tc 
a  definite  wave-length  increases  with  the  temperature,  and  that 
each  curve,  or  isothermal,  exhibits  a  distinct  maximum.    The 
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Fig.  109. 

position  of  this  maximum  is  displaced  in  the  direction  of  deer 
wave-length  as  the  temperature  is  raised. 

In  1893,  Wien  *  discovered  the  law  governing  this  dtsplnccmenC 
of  the  energy  maximimi  with  tenipnniturc.      If  \ntMs,  denotes  the 
•  Wied.  Ann.,  58,  662  (1896). 
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■wave-length  corresponding  to  the  enei^  raaxiraum,  and  T  is  the 
absolute  temperature  of  tlie  rudiating  black  Ixxiy,  Wien  stiowed 
tlial  x^^  X  T  =  coostant. 

Flirt  hennore,  Wien  found  that 

where  5m««.  is  tlie  maximum  emisaivity  eorrc«fx>nding  to  \mM*.» 
In  general,  the  emisaivily  S  \s  the  amount  of  energj'  radiated  per 
second  from  a  narrow  strip  of  the  spcictruin  corresponding  to  the 
mean  wave-length  X.  It  should  be  mentioned  that  while  the 
experimental  realization  of  a  perfectly  black  body  is  impossible, 
a  very  close  approximation  can  be  obtained  by  the  cmplo\*ment  of 
a  hollow  blackened  sphere  perforated  by  a  amail  hole  to  permit  the 
passage  of  the  radiation.  When  tliia  sphere  is  heated,  practically 
all  of  the  radiation  is  absorbed  by  multiple  reflections  at  the  ioDer 
surface.  It  has  been  found  that  where  such  a  black  body  is  not 
available,  or  where  extreme  accuracy  is  not  required,  a  thin  strip 
of  platinum  foil  coated  with  ferric  oxide  and  heated  cleotrically 
proves  a  satisfactory  substitute.  It  is  Imrdly  necessary  to  call 
attention  to  the  fact  that  the  tenn  black  body,  as  here  used,  doea 
not  imply  a  totiil  absence  of  color.  At  high  temperatures,  a 
"black  "  source  of  radiation  may  be  red  or  even  white.  To  avoid 
confusion,  it  has  been  proposed  to  substitute  the  terra  full  radia^ 
tor  for  the  older  tenn,  black  body. 

Distribution  of  Energy  throughout  the  Spectrum.  The  experi- 
mental determination  of  the  radiant  energy  corresponding  to  a 
given  wave-length,  really  resolves  itself  into  the  measurement  of 
the  energy  emitted  between  two  contiguous  wave-lengths,  X  and 
X  -f  rfX.  In  other  words,  we  actually  measure  the  energy  of  a 
very  small  twrtion  of  the  spectrum  included  between  two  wave- 
lengths whi4-.h  lie  very  close  together. 

Several  different  formula?  have  Ijeen  proposed  for  the  coleula* 
tion  of  the  distribution  of  energy  throughout  the  spectrum.  Of 
these,  the  fomiulie  of  Rayleigh  and  Wien  have  been  found  to 
reproduce  experimenLal  values  u-ith  considerable  accuracy.  The 
formula  of  Rayleigh  has  the  following  form: 


In  these  two  formulas,  C  and  c'  arc  constants,  wlule  the  other 
symbols  have  their  usual  significance.  The  formula  of  Rayleigh 
has  been  found  to  hold  bettor  in  the  region  of  the  longer  wave- 
lengths whilo  the  reverse  Ih  true  of  the  fomiula  of  Wien.  It  should 
be  remembered  tliiit  both  of  lhes<;  formulas  apply  only  to  bodies 
emitting  continuouR  Bpcctra. 

High  Temperature  Thermometry.*  Various  optical  methods 
for  the  mea-surcmcnl  of  high  icnii>eratures  have  been  developt»d, 
but  a  detailed  treatment  of  these  methods  is  obviously  out  of  place 
in  a  book  of  this  character.  Mention  should  be  ma<le,  however, 
of  two  instniment^s  which  have  proven  of  great  value  in  high  tem- 
perature nieA«urenients. 

The  optical  pyrometer  of  F6ry  is  based  upon  Stefan's  law  of 
total  radiation.  It  consists  of  a  telescope  fitted  with  an  objective 
of  fluorit*,  at  the  focus  of  which  is  placed  a  sensitive  thermo- 
couple. In  order  to  determine  the  tomperatuiv  of  a  source  of 
radiant  cncrg>',  such  as  a  crucible  of  molten  metal,  the  telescope 
16  directed  towai'd  the  contents  of  the  crucible  and  the  image  ia 
focussed  ou  the  thenno-junction  by  means  of  an  adjustable  eye- 
piece. The  resulting  electric  current  is  then  measured  by  means 
of  a  galvanometer. 

In  the  optical  pjTometer  of  Holbom  and  Kurlbaum,  use  is  made 
of  the  luminous  radiations  only.  In  this  instrument  the  current 
through  a  small  incandescent  lamp  is  varied  until  its  light  is  just 
eclipsed  by  thai  from  the  hot  body.  When  this  point  of  balance 
lias  been  reached,  the  incandescent  fUarnent  and  the  hot  body 
have  the  same  temperature.  The  pyrometer  is  calibrated  by  de- 
termining the  current  necessary  to  raise  the  filament  of  the  lamp 
to  the  temperature  of  the  standard  black  l>ody,  the  temperature 
of  tl>e  latter  being  determined  by  means  of  a  thermocouple.     Of 

•  For  a  detailed  account  of  optical  pyrometers,  the  student  ia  referred  to 
*'Hi((h  Ti-mprrature  Monaurrmrnts"  hy  \a  Chtttolipr  and  Boudouard,  tnuw- 
lated  by  Burgeaa  (John  WUuy  oiid  Sonji,  Inc.). 
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course,  when  the  inslniment  is  used  to  determine  the  temperature^* 
of  sources  of  radiant  energj'  which  differ  widely  in  character  from 
that  of  a  perfectly  black  lx)dy,  the  accuracy  of  the  measure- 
ments is  lessened,  but  even  in  an  extreme  case,  such  as  that  pre- 
sented by  polished  platinum  at  950*,  the  error  does  not  exceed 
74*.  The  importance  of  optical  pyrometers  in  photochemical 
investigations  lies  chiefly  in  the  determination  of  energy  curves 
of  light  sources  and  in  the  absolute  measurement  of  radiant 
energ)-. 

Luminescence.  As  has  already  been  pointed  out,  it  is  cus- 
tomary to  distinguish  between  pure  temperature  radiation  and 
luminescence.  The  latter  term  is  applied  to  all  cases  whei-e  chemi- 
cal or  electrical  encrgj*  is  transformed  directly  into  radiant  energy. 
The  varioas  types  of  luminescence  maj'  be  conveniently  classified 
in  the  following  manner:  — 

Tyfx  of  iVnmi'firir^nM.  Origin  of  Radiation. 

(1)  Photo-Iuininetwence  Prelimiiuiry  exposure  of  the  Imnt- 

[a)  Fluorescence,  nous    BubHtancc    to    some    external 

(&)  Phosphorcsccuce.  soiuce  of  radiant   encrny. 

(2)  Tfaermo-luminescenoe.  Stimulation  by  heat,  but  at  a  tem- 

perature consitlerably  lower  than  that 
required  for  pure  temi>craturt-  radia- 
tion. 

(3)  Chwni-luminescenoe,  ChemictJ  reaction. 

(4)  Tribo-lurninesirenee.  Fracture  or  eleavage  of  crystals. 

(5)  Cathodo-luminctfcencc  Electric  discharge. 

(6)  R&dioluminosccnce.  Radioactivity. 

By  the  tenn  Jluore^cence  is  meant  the  phenomenon  of  the  emission, 
by  an  lUumiuiiled  medium,  of  light  of  a  different  wave-leiiglh  from 
that  of  the  incident  radiation.  In  general,  tlie  wave-length  of  the 
traiisforme<l  ra<Iiaiion  is  greater  than  that  of  the  incident  radiation. 
This  law,  to  whicli  several  exceptions  have  been  discovered,  was 
first  enunciated  by  Stokes.  When  the  incident  radiation  is  cut 
off,  fluorescence  ceases. 

On  tlie  other  hand,  there  are  many  substances  which  continue 
to  emit  light  for  some  time  after  the  external  Ught-stimulus  is 
remove*!.  This  phenomenon  is  termed  }iho»phoresc€7ice  and 
appears  to  be  governed  by  Stokes  law  for  fluorescence.     The 
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property  of  phosphorescence  appears  to  be  limited  to  anhydrouii 
8u1»lances. 

Among  the  numerous  substances  which  are  known  to  exhibit  the 
phenomenon  of  fluorescence  may  be  mentioned  fluorite  (from 
which  the  phenomenon  derived  its  name),  uranium  glass,  petro- 
leum, solutions  of  organic  dyestuffs,  and  quinine  sulphate.  The 
vapors  of  sodium,  mercur>',  and  iodine  have  recently  been  found 
by  Wood  to  fluoresce  brilliantly. 

The  sulphides  of  I  he  alkaline  earths  may  be  mentioned  as  ex- 
amples of  phosphorescent  suljstances.  The  investigations  of 
Lenard  and  Urbain  have  revealed  the  intcrRsting  fact  that  the 
presence  of  a  trace  of  one  of  the  heavy  metals  greatly  inteneifira 
the  light  emitted  by  a  pliosphorcsccnt  subetanoe. 

The  phenomenon  of  thermo-tumine.'icence  calls  for  little  coi 
ment.  There  w?cnis  to  be  an  intimate  connection  between  thermo- 
lumincscenee  and  phosphorescence,  since  the  substances  exhibit- 
ing the  former  phenomenon  must  be  exposed  initially  to  light, 
otherwise  they  ilo  not  emit  any  visible  ratliution  on  gentle  heating. 

Chemi-luminescence  is  a  phenomenon  accompanying  many 
chemical  reactions.  Thus,  tho  precipitation  of  sotlium  chloride 
from  its  saturated  solution  by  hydrochloric  acid  gas  is  accompanied 
by  an  emission  of  light  which  may  readily  be  seen  if  the  reaction  is 
carried  out  in  a  dark  room. 

\A1ien  certain  crystals,  such  as  those  of  cane  sugar,  are  either 
crushed  or  simply  rubbed  together,  flashes  of  light  are  emitted. 
This  phenomeuou  is  known  as  lribo4iimiiiescence. 

CnOwflo'  and  radio4u7nineficence  may  be  consttiered  as  sub- 
divisions of  the  more  inclusive  tenn,  dedro-laminescence.  At- 
tention has  already  been  called  to  the  fact  that  the  residual  gas  in 
a  vacuum  Uihc  is  rendered  Imninous  by  the  pansjige  of  the  electric 
discharge,  and  also  tliat  certain  minerals  become  phosphorescent 
when  placed  in  tlie  path  of  the  cathode  rays.  These  may  be  taken 
as  examples  of  calhodo-luminescence.  The  luminosity  of  a  screen 
coated  with  crystals  of  zinc  sulphide,  when  subjected  to  the  action 
of  the  a-particles  shot  out  from  a  radio-active  substance,  has  also 
been  mentioned  in  a  pre^-ious  chapter.  This  is  clearly  an  inst&nce 
of  radio-luminescence. 


^  PHOTCX'HEM  18TRY 

I       Having  briefly  reviewed  llie  difTereiit  processes  involved  In  the 

■    pnxluction  of  light  we  now  turn  to  a  consideration  of  the  chemical 

I    phenomena  rwulting  from  exposure  to  iighl. 

I  Photochemical  Action.  Tlie  development  of  the  green  color 
of  plants  under  the  influence  of  the  rays  of  the  suHf  and  the  reverse 
process  of  bleaching  in  <Urkness,  were  prolmbly  the  first  photo- 
chenucul  reactions  to  be  observed.  To-day  it  is  known  that  light 
has  the  power  of  initiating  or  accelerating  every  variety  of  chemical 
change.  This  statement  may  Ije  illustrated  by  the  following  typi- 
cal photoclieuaical  reactionw:  —  The  jwlymerizatton  of  anthracene, 
the  depolymerization  of  ozone,  the  transformation  of  iniileinoid 
into  fumaroid  forms,  the  hydrolysis  of  acetone,  the  o.xidation  of  lead 
sulphide,  and  the  retluctiou  of  silver  salts.  That  such  a  variety  of 
photochemical  reactions  should  result  from  exposure  to  mixed,  or 
heterogeneous,  light  is  due  to  the  selective  absorption  of  each  par- 
ticular chemical  system. 

Photochemical  action  is  not  limited  to  the  waves  of  the  visible 
spectrum  alone,  but  extends  from  the  red  end  of  the  spectrum 
(wave-length  800  fin)  *  into  the  ultra-violet  region  (wave-length 
300  tin).  In  fact,  the  shorter  wave-lengths  of  the  ultra-violet 
region  of  the  spectrum  have  been  found  to  be  the  most  active 
photoc  hemi  cally . 

I  Laws   of   Grotthuss.     The  two   fundamental   generaUzations 

of  photochemistry  were  first  enunciated  by  Grotthuss  in  1818. 
These  generaUzations  may  be  stated  as  follows:  — 

(1)  Only  those  rays  of  light  which  are  absorbed  produce  chemical 
action. 

(2)  The  action  of  a  ray  of  light  is  analogous  to  that  of  a  voltaic  ceU, 
It  has  recently  lieen  shown  by  Bancroft  t  tliat  the  second  of 

these  two  !a«"s  is  inadequate  to  account  for  all  of  the  known  facts 
and,  therefore,  he  proposes  the  following  modification: — AU  of 
the  radiations  whicM  are  absorbed  by  a  substance  tend  to  eliminaie 
that  substance.  It  i&  merely  a  queMion  of  chemistry  whether  any  re~ 
action  occurs  and  what  the  products  of  the  readioit  will  be. 

*  I  imt-*  =  IO-»  cm. 

t  Jour.  Ph}!!.  Chem.,  la,  209,  3lS,  417  (1908);  13»  I,  181,  269,  449.  538 
(1909);  14,  292  U^LU)- 
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Quantitative  Relatioas  Concerning  the  Absorption  of  Light. 
When  a  ray  of  light  t'ntci*s  mi  absoihhiK  medium  only  ji  ccrimn 
^proportion  of  the  incident  radiation  is  absorbed.  The  intensity  of 
the  Ught  entering  an  absorbing  medium  it*  not  equal  to  that  which 
is  incident  on  the  surface  of  the  medium,  owing  to  the  fad  that  a 
portion  of  the  incident  beam  is  reflected.  It  has  been  found  that 
if  the  thickness  of  the  medium  be  increased  in  arithmetical  pro- 
gression, the  intenaity  of  the  transmitted  light  decreases  in  geomet- 
rical progression.  If  the  intensity  of  the  light  traversing  a  layer 
dl  be  denoted  by  /,  then 

-  dJ/dl  =  kl,  (1) 

where  &  is  a  constant  depending  u|x}n  the  nature  of  the  absorbing 
medium  and  the  wave-length  of  the  light.     This  constant  k  is 
known  as  the  absorption  itidex.     If  the  initial  intensity  of  the  light 
is  A>  and  the  total  thickness  of  the  medium  is  d,  equation  (1)  be-   _ 
comes,  on  integrating,  ^H 

Or  equation  (2)  may  be  written  in  the  form, 


(3) 


If  we  replace  c"*  by  a,  then  equation  (2)  becomes 

I/h  =  a-.  (4) 

The  constant  a  is  called  the  iranxparency  or  the  transmission  co- 
^iderd.  Bunsen  and  Rascoe  introduced  the  term  exlinciion  eo- 
f^lJiCTeni.  This  quantity  may  be  defined  as  the  reciprocal  of  that 
thickne!?s  of  the  nieditim  which  redueeK  the  intensity  of  the  trans- 
mittc<i  light  to  one-t.enth  of  its  initial  value.  If  the  extinction 
coefficient  be  dnnotwl  by  «,  its  value  may  be  calculated  from  equa- 
tion (2)  in  the  following  manner:  — 

/  =  /o.lO-«',  (5) 

.^ilog.i.  (6) 

It  is  evident  that  e~*  ia  identical  with  10^  or  «  =  mfr,  where  m 
represents  the  modulus  of  the  Napenan  system  of  logarithms. 
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In  1852  Beer  *  enunciated  an  important  law  concerning  the  In- 
fiuence  of  concentration  on'absorption.  Beer'e  law  may  be  stat<Hl 
as  followB: —  The  absorption  of  light  by  differcTit  concenlraXions  oj 
the  same  solute  dissolved  in  the  same  solvent  is  an  exponential  function 
of  the  concentration,  provided  the  thickness  of  the  absorbiyig  jhedium 
be  maintained  constant.     It  follows  from  this  law  that 

/  =  I^,  (7) 

where  c  is  the  concentration  of  the  solution. 

If  Beer's  law  is  valid,  the  ratio,  c/t  =  A,  known  as  the  absorptiwt 
ratio,  shouUl  be  constant.  Beer's  law  has  l)een  tested  with  a  large 
number  of  solutions  and  has  been  fouiul  to  hold  quite  Rencrally 
where  no  chang(>  in  the  solute  occurs  when  the  concentration  of  the 
Bolution  is  altere<l. 

Photochemical  Extinction.  According  to  the  first  law  of 
Grolthuss,  only  the  absorbfitl  light  is  chemically  active.  The  con- 
verse of  this  law,  vis.,  that  every  suKstance  which  absorbs  light 
undergoes  chemical  change,  apparently  docs  not  hold.  Further- 
more, only  a  portion  of  the  rays  alisorbed  by  a  light-sensitive  sub- 
~stanc8  are  directly  involved  in  effecting  chemical  change.  For 
example,  while  an  alkaline  copijcr  tartrate  solution  .shows  marked 
absorption  in  the  infra-red,  rctt,  yellow,  and  ultra-violet,  it  has 
been  proven  that  the  photochemical  reduction  of  the  copper  salt 
to  cuprous  oxide  is  due  to  the  action  of  the  ultra-violet  rays  alone. 

The  first  quantitative  measurements  of  the  absorption  of  light 
by  &  reacting  system  were  made  by  Bunsen  and  Roacoe.f  These 
investigators  found  that  the  absorption  of  light  by  hydrogen  and 
chlorine,  taken  separately,  was  less  than  that  of  the  reacting 
mixture  of  the  two  gases.  From  this  result  they  concluded  that 
in  a  photochemical  reaction,  the  absorption  of  light  by  the  re- 
acting system  is  greater  than  the  sum  of  the  individual  absorptions 
of  the  reacting  substancei^.  The  absorption  of  light  by  the  re- 
acting system,  over  and  above  the  ordinary  or  "  optical  "  absorp- 
tion of  the  reacting  substances,  they  called  photochemical  extinc- 
tion.     While  the  phenomenon  of  photochemical  extinction  is  re- 

•  PopK.  .'^nn.,  86,  78(1852). 
t  Ostwald's  IClasdikcr,  No.  38. 
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gardcd  by  many  physical  chemists  as  having  doubtful  significance, 
nevertheless  the  distinction  between'  purely  optical  absorption 
on  the  one  hand,  and  chemical  absorption  on  the  other,  is  quite 
generally  accepted.* 

If  the  distinction  drawn  by  Bvinsen  and  Roscoe  between  optical 
and  chemical  absorption  be  accepted,  then  all  photochemical  re- 
actions may  be  r^arded  as  belonging  to  one  or  the  other  of  two 
classes,  as  follows:  —  (1)  reactions  in  which  light  does  work 
against  chemical  affinity,  the  work  being  equivalent  to  the  photo- 
chemical extinction;  or  (2)  reactions  in  which  the  light  functions 
merely  as  a  catal>'st.  In  reactions  l>ctonging  to  the  first  class,  the 
light  is  considered  to  be  the  agent  which  actually  initiates  chemical 
change,  whereas  in  reactions  of  the  second  class,  the  light  is 
assumed  to  accelerate  reactions  which  would  otherwise  proceed  at 
a  slower  rate. 

Kinetics  of  Photochemical  Reactions.  Let  A  and  B  repre- 
sent two  chemically  distini^t  substances,  and  let  us  assume  that  the 
reaction 

takes  place  under  the  influence  of  light.  The  course  of  the  re- 
action can  t>e  followed  in  tlie  usual  tiianncr  by  determining  the 

amount  of  either  constituent 
which  is  present  at  any  definite 
time.  There  are  certain  factors, 
however,  wliich  render  such  kin- 
etic incasurement^j  more  difficult 
in  the  case  of  a  photochemical 
reaction  than  in  that  of  an  ordi- 
nary chemical  rPACtion.  Let  us 
assume  that  the  above  reaction 
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Fig.  no. 


is  homogeneous  and  of  the  first  order  and  also  that  it  takes  place 
in  homogeneous  solution.  It  is  apparent  that  if  the  systean  is 
illuminated  from  one  side,  as  shown  in  Fig.  !10,  the  rat:e  at  which 
A  undergoes  transformation  into  B  will  depend  upon  the  thick- 

'  For  n  (xindonseti  Hummar>'  of  the  (HfTcrcnt  thtH>ne8  of  UjEht-obsorption, 
the  Rtudent  ^ould  consult  Sheppard'fl  "  Hhotochemistry  "  (LonflmaDt,  Qneo 
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ness*  d,  of  the  absorbing  layer.     Hence,  if  the  velocity  of  thoj 
iransformalion  be  denoted  by  dB'dl,  we  uiay  write 

dB/dl  =  k\Al 
in  which  the  value  of  the  constant  k  will  not  only  be  a  function  of 
the  intensity  and  wave-length  of  the  light  but  also  of  position. 
Furthermore,  the  variation  in  the  velocity  of  the  reaction  in  suo 
oessive  layers  will  cause  differences  in  concentration  which  will  tend 
to  become  equaUzed  by  the  process  of  diffusion.  From  this  ex- 
ample it  is  obvious  that  the  extent  to  which  Hght  is  absorbed  is 
dependent  upon  the  dimensions  of  the  absorbing  system. 

If  light  be  regarded  as  a  material  substance,  then  we  may  con- 
veniently consider  its  absorption  as  analogous  to  the  diffusion  of  a 
gas  into  a  Uquid  and  the  light  intensity  at  any  point  as  the  analogue 
of  concentration  or  active  mass.  According  to  the  law  of  mass 
action,  the  velocity  of  a  chemical  reaction  is  expressed  by  the  , 
equation,  dl 

dx/di  =  fcci"'  •  c*"*  .  .  .  -  jfc'ci'"''  •  os"^'  .  .  .  ™ 

where  Ci,  ca,  etc.,  are  the  concentrations  of  the  substances  entering       ! 
into  the  reaction,  and  hj,  tii,  etc.,  arc  the  coefficients  derived  from 
the  chemical  equation  and  indicating  the  order  of  the  reaction.     In 
appbing  this  equation  to  photochemical  rcactionSj  the  following 
possibilitieH  must  be  iKimc  in  mind:  — 

(1)  The  reaction  may  take  place  in  successive  stages.  Under 
these  conditions  the  experiraen tally  measured  velocity  will  corre- 
epond  to  that  of  the  slowest  reaction. 

(2)  Sitle  reactions  may  occur  mth  the  formation  of  products 
quite  different  from  those  resulting  from  the  miiin  reaction. 

(3)  There  may  be  catalysis.  In  fact,  this  phenomenon  is  ft^ 
quently  met  with  in  the  study  of  photochemical  reactions.  1 

Ncrust  has  pointed  out  that  the  velocity  constants,  k  and  fc',  in 
the  foregoing  equation,  may  be  conveniently  considered  £is  being 
directly  proportional  to  the  intensity  of  the  light,  for  light  of  the 
same  kind.  Owing  to  absorption,  this  intensity  will  be  a  function 
of  position  in  the  absorbing  medium. 

In  applying  the  law  of  mass  action  to  photochemical  reactions, 
it  ifl  important  to  note  that,  as  a  general  rule,  the  exponenta  rii,  tii, 


$1$  roBimenoAL  x^vMmjwh 

«v . .  u:  titfr  «gutttHfL  of  tkr  Mu-culwd  dcnfe^read»fi  an-  sm  idoniea] 
wiU.  li^  vxpt/usmu^  *..  «^^  et'...  of  tiie  iinM^'raadaAri..  Iii  otho- 
mux^..  tut  vr6ur  of  n  eii«nu«a]  nsactioij  it  UBoalhr  diflbenaii  in  the 
IjISiit  IfMiJ  wimt  it  it  iti  ti«e  daii.  Tiie  pinnodBniicaJ  equmemE 
f.-  H-  *!^---  an:  tMiv«r  ^reat^r  tijan.  aiid  are  «eidam  «gu&l  ici.  liie 

'V\i\tf.  hii/d^suisufsih  '  Htiuw«d  tbat  tiie  diBBociacaaD  itf  bydrtodic 
iftfrifj.  iu  tint  dark,  it  ^  reac'tiuxi  uf  "Uk  awuiid  order  amj  min'  be  icp- 

wh*m^  wii«b  bydnodiv  acid  dii»vcisU98  in  Hie  h^xt^  tie  meliaB 
it  *4  tifi  £tf»t  vrdw,  na  lAnvwrn  by  i^  egn^tkiD 

HJz=H  +  L 

Iju  tbiJe  <jaw,  tb^  lij^  aeU  ae  a  cataljvL,  mere^  aondenting  the 

v<il'>'yty  */  tb*-  dark-^>atrti<^. 

'j'L<  i-«'So.'<  '/  !i^'.''.  ori  ^Ji^  T»*vf*D#r  T»ai»tiou  miiy  be  sath  bs  to 
'^ji^jnt-  ju  'ii-'^  ':oij'-M-  iu  \hh  dark.  lu  thifc  «i«e  tbe  resulting 
pJy/V/''K<-;j/jj<-^)  (j'jijjiiOrjujjj.  or  h'>-';ail*jd  photo-tsUUioriary  state,  will 
li^/l  ly*-  i'i<-/jij'ai  wjrh  th<;  lyijrst'Mjj'jU'iiJtiE  '--h^amcaJ  equilibrium.  It 
^K'/|Jl'i  (/<-  u\ini'rvi-fi  rlta',  lh*t  phou>-^*tatioiiar>'  f-'tai^^  differs  from 
'H'Uhiiiy  i:\iS:stti':H.\  '■.< \mh\ jrvun.  \u  tiiat  it^  iJenDanenc)'  is  wholly 
'i<-{^ffj'l<-/jt  lii^/fi  t)i<r  (y^fi>;tajjr-y  of  th*;  Hrjuroe  of  illumination;  i.e., 
wl«  /J  the  li^Jjt  ift  rnx.  off,  th'-  photy>-KUitioriar\'  state  shifts  to  the 
M'ljnu*y  rln'Mjj'Ji!  <-/jiji)jbri<jMj,  providwi  the;  reaction  is  reversible. 
1 1  \t;v.  .'ilw*  Uy*/i  {'iHiA  t(i;i(  th<r  t*;injx;rature  coefficients  of  most 
I/(i'Jo'hi-riiJ<'Hl  rwfijoiw  ;ir';  ri'-glij/pble. 

ili-<()ii<'f('l  1  <iji-f,/;v<;r'r'l  that  wlvcr  chloride,  which  had  been 
|*n  ( ipjiiiiiij  ifi  i|,(.  dark,  wna  only  w;nmtive  to  short  wave-lengths 
o(  li)/ljl,  whcM'iKi  hilvirr  chlorid*;,  which  luwl  l«en  exposed  for  a  few 
Ki'MiH  hl^.  If)  Minli«l(l.,  iM'caiiK!  Kr;!iHit.iv(t  to  all  wave-lengths 'in  the 
vi.-ihir  ;-(j)-ri.Mjfr(  iiii'l  lo  lln-  Hlioftcr  wavc-lcHgths  of  the  infra-red. 
'Mil;-  iilMiiuiiit'iion,  which  haH  \\v.i\\\  ohHcrved  with  various  sub- 
^ifiiH.,.,  wii;-  (irMl,  Hltidii'd  HyMlciriatically  by  Bunsen  and  Roscoel 
*hn  h-jiiK'd  t(  phiilorlir/tiicdl  I'litlurtion. 

*  /.il    plivH   Clirrn,.  22,  2;i  flS07). 

I   Anil   CI I'li.VH.  |:ij,  0,  1>')7  (1843). 

J   I'fPKK,  Ann..  lOO,  ISl  (1S67). 
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Ekoploying  a  mixture  of  hyiirogen  and  chlorine  ga^ps  they  found 
that  under  constant  ilhiminntioii,   i\u>  vplo*'ity  of  formal  ion  of^n 
hydrochloric  acid,  wliich  was  hardly  appreciable  at  first,  increased^B 
rapidly  to  a  maximum  and  then  remained  constant.     The  interval 
of  time  required  for  the  reaction  to  attain  its  maximum  velocity 
is  known  as  the  period  of  induction. 

It  has  been  found  that  in  almost  every  photocliemical  reaction 
there  is  a  similar  period  of  initial  perturbation.  The  phenomenon 
hae  been  thoroughly  investigated  by  Burgess  and  Chapman  *  who 
ftrrived  at  the  conclusion  that  induction  effects  are  to  be  ascribed 
to  the  presence  of  minute  traces  of  varioas  impuritie,s,  such  as 
gases  or  water  vapor,  aclsorbtvl  by  the  walls  of  the  reaction-vessel. 
We  may  therefore  conclude  that  induction  effects  are  not  char- 
acteristic of  photochemi<-'al  reactions. 

Classification  of  Photochemical  Reactions.  According  to 
Sheppard  ("  Photochemistry  ")  photochemical  reactions  may  be 
conveniently  clsiiRified  in  the  following  manner:  — 

(1}  i^versible  reactions,  i.e.,  reactions  in  which  the  products 
formed  trader  the  influence  of  light  react  to  reproduce  the  original 
system  when  the  light  is  removed. 

(2)  Irreversible  reactions,  i.e.,  reactions  in  which  the  light  pro- 
moteit  transformation  to  a  more  stable  system.  Irreversible  re- 
actions arc  subdivi<led  into  — 

(a)  Complete  reactions;  and 

(b)  Pseudo-reversible  reactions. 
The  polymerization  of  anthracene  may  be  taken  as  an  example 

of  a  reversible  phutochciuieal  reaction.  This  reaction  may  be 
represented  as  taking  place  according  to  the  equation 

2  CuHio  «=*  Csftllaci,  " 

the  upper  arrow  indicating  the  ciin»ction  of  the  light-reaction  (poly- 
meriaation)  and  the  lower  arrow  that  of  the  dark-reaction  (de- 
polymerization). 

1  An  illustnition  of  a  completely  irreversible  photochemical  re- 
action is  afforded  by  a  tiiixture  of  hydrogen  and  chlorine  gases 

•  Jour  Chem.  Soc.,  89,  1402  (1908). 
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which  combine,  on  cxpasiire  to  light,  to  form  hydrochloric  acid  gas, 
accoixling  to  the  equation 

liglit 

Ha  +  Cl,  — 2HC1. 

If  the  hydrochloric  iicid  is  removed  liy  solution  in  water  as 
fast  as  it  is  fonned,  the  velocity  of  the  wa«^tion  will  Ix^  directly 
proportional  to  the  inteasity  of  the  light.  Runflen  and  Itoseoe* 
made  use  of  the  foregoing  fact-s  in  the  construct  ion  of  their 
actinometcr. 

The  reduction  of  feme  oxalate  may  be  taken  as  an  example  of 
a  pseudo-reversible  photochemical  reaction.  This  substance  is 
reduced  to  ferrous  oxalate  on  exposure  to  light  as  shown  by  the 
equation 

tiiibl 

FcCCO*).  -  2  Fe  (C2O4)  +  COt. 

In  the  dark,  ferrous  oxalate  is  re-oxidized  to  ferric  oxalate  by  the 
oxygen  of  the  air.  While  the  initial  substance  is  reproduced,  it  ia 
evident  that  the  reaction  is  not  strictly  reversible. 

Actinometers.  A  number  of  different  forms  of  appuratus  have 
been  devised  for  measuring  the  chemical  action  of  light:  such  in- 
struments are  known  a«  aclino/neters. 

The  hydrogfn-i'hlorine  actinometer  is  bused  upon  the  w^- 
known  fact  that  the  speetl  of  the  reaction  l>etween  hydrogen  and 
chlorine  varies  greatly  with  the  intensity  of  illuminutiou.  Bun- 
sen  and  Roseoe,*!  guided  by  the  experiments  of  Draper,  con- 
structed an  artinometer  In  which  the  rate  of  coinbination  of  hydro- 
gen and  chlorine  could  be  measured  by  allowing  the  hydrochloric 
acid  f(jrmed  to  dissolve  in  wat<*r,  and  noting  the  resulting  diminu- 
tion of  volume,  A  diagram  of  this  apparatus  is  given  in  Fig.  l\\. 
The  apparatus  is  filled  with  a  mixture  of  equal  parte  of  hydrogen 
and  chlorine,  obtained  by  the  electrolysis  of  a  solution  of  hydro- 
chloric acid.  The  bulb  ^'l.  containing  water,  is  connected  at  one 
end  with  a  tube  fitted  with  a  stop-cock  S,  and  at  the  other  end  with 
a  horizontal  tube  terminating  in  a  reservoir  D,  which  also  cont^os 
water.     When  the  water  has  become  saturated  with  the  constitu- 

•  "Photochemische  UntersuchmiBen,"  Ostwald's  KUsHiker,  No.  34. 
t  Pogg.  Ann.,  100,  43  (1857);  loi,  235  (I8S7). 
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ents  of  the  gasooiiP  mixture,  ft  is  closwi  and  the  entire  apparatus  is 
protected  from  light.  When  it  in  desired  to  measure  the  pholo- 
clicniieal  action  of  a  f«)urcn  of  light,  the  bulb  A  is  uncovered  and 
the  light  i&  allowed  to  fall  upon  it.  Some  of  the  hydrogen  and 
chlorine  wll  combine,  and  t!ie  hydrochloric  acid  formed  will  be 
absorbed  by  the  water  in  .4 ;  the  coluimi  of  water  in  the  horizontal 


I 


tube  will  move  to  the  right,  the  magnitude  of  the  movement  tx^ing 
measured  on  tlie  scale  C.  In  this  way  the  amount  of  pliotocliemi- 
cal  action  can  be  determined.  An  objection  to  the  use  of  hydrogen 
and  chlorine  in  the  actinometer  is  the  danger  of  violent  explosions 
when  the  illumination  is  too  intense.  To  remove  this  objection, 
Burnett  replaced  the  hj'drogen  of  the  mixture  by  carbon  monoxide. 
Action  of  Light  on  the  Silver  Halides.  Probably  the  most 
famiUar,  and  undoubtedly  one  of  the  most  important,  photo^ 
cliemical  reactions  is  that  which  takes  place  on  the  exposure  of  a 
photographic  plate.*  Luther  t  has  shown  that  when  a  pure  silver 
halide  is  exposed  to  hght,  it  undergoes  reduction  according  to  the 
equation 

lisht 

2AgX-Ag»X  +  X. 


where  X  may  be  chlorine,  bnimine,  or  iodine.  On  removing  the 
light,  the  pub-hjilide  recombinc!?  with  the  free  halogen  as  shown 
by  the  equation 

AfeX  +  X  -►  2  AgX. 

In  other  words,  the  reaction  ih  strictly  reversible  and  a  well- 
defioed  photo-stationary  state  results  from  a  given  intensity  of 

•  For  ftn  pxcellcnl:  iivntmnnt  nf  thr  rhomistry  nf  pholopiraphy  the  Btudent 
ia  reconuneiidixi  to  coiwult  "  Phottigniphy  fur  StuiU'iii«  erf  Phy.-iira  and  Chem- 
iatry,"  by  Loujm  Dprr  (MaciHillaji,};  or  "Phoiocln'mk*  und  Beeclireibjiig  der 
pholopraphischcn  Chemikalini,"  l>y  H.  W.  Vogel. 

t  Zeit.  phys.  Chem.,  30,  628  (1899). 
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Ulumination.  The  investigation!^  of  Baker  *  make  it  appear  quite 
probable  that  the  phoKK^hcmioiiI  reduotion  of  the  silver  halides  is 
dependent  upon  the  presence  of  a  minute  trace  of  water  vapor  as  a 
catalyst. 

In  the  photogrnpiiic  plate,  the  silver  halide  is  embedded  in  gela- 
tine, which  not  only  accelerates  the  rate  of  reiiuction  of  the  silver 
balide  but  also  caii:!ics  the  reaction  to  liecome  irreversible.  The 
alteration  in  the  behavior  of  the  silver  halide,  brought  about  by 
the  presence  of  gelatine,  is  due  to  the  fact  that  the  latter  reacts  with 
the  free  halogen  according  to  the  equation 

Ugfal 

2  AgBr  +  gelatine  — ►  AgjBr  +  brominated  gelatine. 

The  continuous  removal  of  the  liberated  bromine  by  the  gelatine 
is  an  example  of  what  is  known  as  photochemical  sensitizaiion. 
Another  example  of  photochenucal  sensitization  is  afforded  by  a 
mixture  of  benzene  and  silver  chloride.  The  norma!  darkening 
of  the  silver  salt  is  markedly  increased  by  the  presence  of  the 
benzene,  which  combines  with  the  chlorine  as  rapidly  as  it  ia  aet 
free  by  the  action  of  the  light  on  the  silver  halide. 

While  the  silver  bromide  of  the  photographic  plate  is  ejrtremely 
sensitive  to  the  shorter  wave-lengths  corresponding  to  the  \iolei  and 
ultra-violet  regions  of  the  spectrum,  it  is  only  reduced  by  the  longer 
wave-lengths  after  prolonged  exposure.  It  has  been  found,  how- 
ever, that  the  addition  of  certain  dyestuffs,  such  as  eosine  aod 
Congo-red,  renders  the  silver  halide  sensitive  to  the  longer  wave- 
lengths of  the  spectrum.  This  phenomenon,  which  is  known  as 
optical  setmlization,  must  be  carefully  distinguished  from  chemical 
sensitization  to  which  reference  has  already  been  made.  It  is  to 
be  noted  tluit  an  optical  sensitizer  docs  not  absorb  chemically  any 
of  tlie  products  of  the  reaction.  Photogniphic  plates  which  have 
been  sensitized  in  this  way  arc  commonly  known  as  oilho-chro- 
matic  plates. 

All  of  the  dycstuffs  which  can  function  as  optical  sensitizers 

have  been  found  to  exhibit  anomalous  refraction;  i.e.,  for  wave- 

Llengths  slightly   longer   than    those  absorbed,    these  substances 

rpofisees  an  abnormally  large  refractive  index,  in  consequence  of 

*  Jour.  Cbcm.  Soc.  6z,  782  aS02). 
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which  the  refracted  waves  exert  the  same  effect  upon  the  silver 
halUlc  ae  the  shorter  wave-lengths  of  the  spectrum.  Although  it 
is  not  an  essential  property,  it  is  generally  found  that  optical  sen- 
sitizers are  fluorescent. 

As  an  example  of  optical  sensitization,  where  the  sensitizer  is 
non-fiuorcscent,  wc  may  take  the  photoelicmiwU  reduction  of 
mercuric  chloride  in  the  presence  of  uininonium  oxalate.  This  re- 
action takes  place  according  to  the  equation 

IJicht 

2  HgC'U  +  (NH4),C04  -f  HgiCIa  +  NH4CI  +  2  COj. 

The  presence  of  the  non- fluorescent  ferric  ion,  Fe"*,  has  been 
8ho\^ii  by  Winther  •  to  be  an  effective  optical  sensitizer  in  the  re- 
action. The  ferric  ion  is  reduced  to  the  ferrous  state  while  the 
oxalic  acid  undergoes  oxidation  by  the  mercuric  chloride.  It 
was  pointed  out  by  I'^der  t  that  thiH  reaction  is  well  adapted  for 
actinometric  meusureincnti;,  since  the  amount  of  mercurous  chlo- 
ride precipitated  is  directly  proportional  to  the  intensity  of  the 
light. 

Photochemical  After-Effect.  Certain  photochemical  reac- 
tions have  been  discovered  in  which  the  reaction  proceeds  even 
after  the  light  stimulus  is  removed.  This  phouoiucnon  is  known 
as  the  photochemical  after-effect.  The  velocity  of  a  reaction  of 
this  kind  is  different  from  that  of  either  the  light-  or  the  dark- 
reaction.  It  has  also  been  found  that  if  a  portion  of  the  reac- 
tion-mixture, which  haii  already  been  exposed  to  the  Ught,  bo 
added  to  a  fresh  unexposed  portion,  the  latter  immediately  com- 
mences to  decompose.  Thus,  a  solution  of  iodoform  in  chloro- 
form becomes  brown,  on  exposure  to  light,  due  to  liberation  of 
iodine. 

If  the  solution  is  removefl  from  the  light,  the  decomposition  will 
continue  for  several  days,  and  if  a  small  portion  of  the  partially  de- 
composed solution  be  added  to  a  freshly  prepared  solution,  the 
latter  will  commence  to  decompose.  The  photochemical  after- 
effect can  be  reacHly  explained  if  we  assume  that  the  action  of  light 
gives  rise  to  heterogeneous  nuclei  which  persist  for  a  sufficient  time 

•  Zeit.  wi*«.  Phot.,  7,  409  (1909). 
t  8iU.  ber.  Wiea.  Akad.  (1879). 
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after  the  light  is  removed  Uy  act  as  ceoterR  around  which  the 
reaction  can  proceed  throughout  the  unexpoeed  portion  of  the 
mixture. 

Assimilation  of  Carbon  Dioxide.  A  photochemical  reaction 
of  s|)e<;ial  interest  to  the  biolopiat  is  that  in  which  ainiosphcric 
carl>on  (Uoxide  is  taken  up  by  plants  under  the  influence  of  solar 
radiation.  While  the  reaction  is  exceedingly  complex,  it  may  be 
regarded  as  taking  place  according  to  the  hypothetical  equation 


6  COj  +  5  HsO 


i«i>t 


CsHioOb  -i-  6  Os. 

(•tenb) 


J 


This  reaction  represents  a  gain  in  energy  amounting  to  approxi- 
mately 685  calories  per  formula-weight  of  starch.  It  is  quite 
probable,  however,  that  the  initial  product  of  the  reaction  is  for- 
maldehyde and  that  subsoqucntty  the  latter  substance  undergoes 
polymerization  with  the  formation  of  starch  and  other  carl>o- 
hydrates.  The  green  coloring  matter  of  the  leaves  of  plants, 
known  as  chlorophyll,  also  plays  an  important  part  in  the  assimi- 
lation of  caa-bon  dioxide,  but  beyond  the  fact  that  its  action  is  not 
catab'tic,  little  can  be  stated  as  to  the  manner  in  whieh  it  functions 
in  the  reaction.  The  velocity  of  the  reaction  has  been  found  to 
attain  its  maximum  value  in  yellow  and  green  light,  a  result 
which  is  in  complete  agreement  with  the  fundamental  law  of  Grott- 
huss  that  only  those  rays  which  are  absorlwd  are  active  chemi- 
cally. As  has  already  been  stated,  the  tcnipt^rature  coefficients 
of  photochemical  reactions  arc  generally  very  small.  This  is 
not  true,  liowever,  of  the  reaction  under  consideration.  It  lias 
been  fount.!  that  the  rate  at  which  carbon  dioxide  is  afiSLmilate<l 
by  a  plant  is  nearly  doubled  for  a  rise  in  tenitjeralurc  of  10° 
(see  p.  377). 

Photochemical  Synthesis.  While  it  has  long  beeii  known 
that  light  is  capable  of  effecting  the  sjoilhoais  of  complex  organic 
comix>unds  in  the  living  plant  from  narbon  dioxide  and  water,  it 
is  only  recently  that  its  efficiency  in  bringing  about  a  great  variety 
of  organic  reactions  has  been  fully  recognized.  Owing  to  the  re- 
searches of  Oiamician  and  others  in  this  field,  numerous  photo- 
chemical syntheses  of  considerable  practical  value  to  the  organic 
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chemist  have  been  discovered.  It  must  suffice  here  to  mention  a 
few  t>'pical  photocliemical  syntheses.  Alcohols  may  be  oxidized 
in  successive  sU'tiw,  thn  action  of  the  light  do,'«;ly  resembling  the 
action  of  ferments.  Methyl  alcohol  and  acetone  react  to  form  iao- 
butylene  glycol  according  to  the  equation 

CH,  -  OH  -f  no     -♦ 

CH3 

The  action  of  light  has  been  found  to  be  especially  favorable  to  such 
processes  as  the  foregoing,  involving  reciprocal  oxidation  and  re- 
duction. 

Ortho-nitro-benzaldehyde  in  the  presence  of  ethyl  alcohol  rcActa 
to  form  the  ethyl  eater  of  o-nitroao-benzoic  acid  as  shown  by  the 
equation 


NO,  ^0 


+ 


CH, 
CH,.OH 


light         NO 


.0 


—  Cj'    ^O.CH..CH3^H,0 


Photoelectric  Cells.  The  absorption  of  light  by  any  one  of 
the  three  states  of  matter  is  invariabty  accompanied  by  a  chanjije 
in  electrical  condition.  The  different  electric  effects  accompany- 
ing the  absorption  of  radiant  energy  have  been  classified  by  Shep- 
pard  in  the  following  manner:  — 

(1)  Ionization  with  a  corresponding  increase  of  conductance  in 
gases,  liquids,  and  solids  (taused  by  transmission  of  light. 

(2)  Indirect  ionization  of  a  gas  due  to  reflection  or  emission  of 
electrons  from  the  surface  of  a  contiguou.s  denser  phase. 

(3)  Development  of  electromotive  forces  in  cells  of  the  following 
type:  — 

Conductor,       |    Electrode  A 
Di -electric 


Electrode  A 

{lt«liO 


(diuk) 


where  the  two  electrodes  are  separated  by  a  medium  which  is  par^ 
tially  a  conductor  and  partially  a  di-electric. 
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The  treatment  of  the  firet  &nd  second  of  these  three  classes  of 
photoelectric  phetiomena  properly  lies  nithin  the  domain  of  pure 
phyBics.  The  third  class,  however,  includes  a  number  of  photo- 
galvanic  combinations  of  cooHiderable  interest  and  importance  to 
the  physical  chemist. 

The  firHt  investigation  of  photoelectric  combinations  was  under- 
taken by  K.  Becquerol  *  in  IS39.  He  prepared  a  cell  consisting  of 
identical  plates  of  pure  silver,  coated  with  a  silver  balide,  and 
immersed  in  dilute  sulphuric  acid  us  an  electrolyte.  On  exposing 
one  electrode  tx)  the  light,  while  the  other  was  kept  in  the  dark,  an 
appreciable  electromotive  force  was  developed,  the  current  flowing 
in  the  solution  from  the  darkenwl  to  the  illuminated  electrode.  If 
a  galvanometer  be  include*!  in  the  circuit,  the  deflection  of  the 
needle  may  be  taken  as  a  measure  of  the  intensity  of  the  light. 

The  action  of  the  Becquerel  actinometer  has  been  explained  by 
Ostwald  as  follows:  —  The  incident  light  lessens  the  stability  of 
the  silver  iodide,  which  undergoes  ionijtation  according  to  the 
equation 

Agl  ->  Ag-  -f  I': 

the  Ag'  ions  give  up  their  charges  to  the  electrode  while  the  I' 
ions  enter  the  solution.  For  every  Ag'  ion  which  is  discliarged  at 
the  illuminated  electrode,  an  ft<iiial  numl)er  of  Ag  ions  enter  the 
solution  at  the  darkened  elet^trode,  thus  dmrging  the  latter  nega- 
tively. Hence  the  current  flows  in  the  solution  from  the  dark- 
ened  to  the  illuminated  electro(ie.  Rigollot  t  has  constructed  an 
electrical  actinotneter  in  wliich  the  silver  plates  used  by  Becque- 
rel are  replaced  by  two  oxidisscd  copper  electrodes,  while  instead 
of  tlilutt^  sulphuric  acid  a  dilute  solution  of  sodium  chloride  is  used. 
A  number  of  photoelectric  combinations  have  been  investigated 
by  Wildermann,t  among  which  he  recommends  the  following  as 
being  esjjecially  suitable  for  aetinoraeters:  — 

•  Ann.  Chim.  Phj-a.  [3],  9,  257  (1843). 

t  Jour,  d.'  Hliyp.  [3],  6,  520  (1897). 

j  For  a  thorouKh  treatment  of  theoretical  photochemistry,  the  student 
refprrwl  in  Shi-ppurd'H  "Photor-hprnlatr}-,"  while  Plotnikow's  "  PhotochenuMh 
Vorsuclu!it4>chiuk  "  is  recommended  aa  an  excellent  Kuide  to  practicul  lubonitor>' 
mcthoda 
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(a)  Ag  I  AgBr,  0.1  N  KBr  1  AgBr  |  Ag 

(Ucht)  (6atki 

Reaction,    2  AgBr  -+  AgiBr, 

(b)  Cu  1  CuO  1  NaOH  1  CuO  1  Cu 

(light)  (dark) 

Reaction,    2  CuO  -*  CuiO. 

Of  these  two  cells,  the  latter  is  perhaps  the  better,  since  it  gives  an 
appreciable  electromotive  force  for  light  of  the  same  intensity  and 
varjdng  wave-length. 

While  all  of  the  theoretical  interpretations  of  the  action  of  photo- 
electric cells  are  more  or  less  inadequate,  the  investigations  of 
SchoU  and  others  make  it  appear  probable  that  negative  electrons 
enter  the  electrolyte  from  the  electrode,  while  positive  ions  are 
discharged  on  the  electrode,  thereby  causing  anodic  polarization. 
In  general  the  direction  of  the  photoelectric  current  inside  the  cell 
is  from  the  non-exposed  to  the  exposed  electrode. 
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of  fusion,  153. 

ol  imbibition,  266. 

of  ioiiixaiion,  397,  432. 

of  neutraliaation,  305. 

of  react  ton,  variation  with  tempera^  j 
ture,  300. 

of  solution,  205. 

of  vaixirization,  IIS. 
Helium  titonis  and  o-particles  iden- 
tical, 55. 
UeJium,  rate  of  production  of,  56. 
Helix  of  de  Chaniwurlow,  21. 
Heterogemxius  eyttteinn,  .'12S. 
HomogeneouM  gnaeoiu  «ysienM,  equi-  { 

librium  in,  .317. 
Hydrogcl,  328. 
Hydrolysis,  437. 

d[^t  erniinat  ion  of,  4 12,  4S0. 
Hydroaol,  238. 

Imbibition,  266. 

in  solutions,  267. 

velocity  of,  266. 
Immisoibility,  178. 
InoTKanic  ferments,  381. 
Ionic  product,  433. 
Ionization  i-on-stanl,  423. 

of  waUr,  443. 
lonisation  of  gaseB,  45. 
lonixatioD,  heat  of,  432,  484. 

in6ueDco  of  substitution  on,  435. 

of  water,  487. 
lonogen,  229. 

loDB,  4fi. 
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loofl,  absolute  velocity  of,  409. 

IJght,  action  on  silver  haltdes.  52] .      1 

exHtfaice  of  frep,  391 . 

Liquefaction  of  (^isefl,  112.                      | 

migratum  of,  393. 

Liquids,  charurterlstics  of,  104.               J 

InohyHrir  noliitinnn,  428. 

rpfrnrtive  pnwrr  of ,  123.                 -^^H 

Lsorm)r]}hi>uii,  14. 

vaiM>r  pmwurH  nf,  117.                   ^^H 

laotberm&ld,  lOS. 

Liquid  Hysteiiu,  uquilibriuiu  in,  322.       1 

Isotopes,  63. 

Lumincdocnce,  511.                                  1 

Isotonic  coefiicient,  203. 

L>-otrope  series,  239.                               J 

Kinriic  equation,  drdiictkins  from,  78. 

MaKnetic  rotation,  1S8.                   ^^| 

derivation  of,  77. 

Ma«,  oonacwation  of,  3.                 ^^| 

Ihoory  of  RaMw,  100. 

Mass  action,  Uw  of,  314.                  ^^M 

Kinetics,  chemical,  359. 

Mnximum  work,  principle  of,  306.  ^^| 

Mechanism  of  cata]ysb),  383.             ^^| 

Lobilp  solutinns,  1S3. 

Blemhranos,  semi-perm  cable,  191.          1 

Law  «rf  Bp(t,  141,  tiUi. 

MetaBtable  solutions,  183.                    ^^J 

of  Boyle,  73,  78. 

Microns,  238.                                      ^^H 

of  combinindt  proportions,  5. 

Miscibility,  complete,  174.               ^^B 

of  conaervation  of  mass,  3. 

partial,  172.                                         1 

of  coDstant  heat  tfummation,  290. 

Mixtures,  speciBc  refraction  of,  138.        1 

of  definite  proportions,  4. 

Molar  volume,  10.                                       1 

of  Dulonc  ftnil  Petit.  11. 

Molecular  gui  constant,  evaluation 

of  FamiJfly,  389. 

of,  74. 

of  Oay-I.iiLS!sac,  73,  79. 

m.iKnrlic  rotation,  139.                          1 

of  (jniham,  SO. 

refraction,  126.                                 ^^m 

of  rirotthun.s,  513. 

mtalion.  131.                                   ^^H 

of  Guldbers  and  WaAgc,  314. 

vibration,  142.                                 ^H 

of  Henry,  170,  171. 

volume,  130.  '                                 ^H 

ot  He<w,  290,  305. 

weight,  83,  146.                             ^ 

of  Jurin,  144. 

weight  by  boiling  point  method, 

of  KirrhhfjfT,  506. 

215. 

of  Kohlrausch,  406. 

weight  by  freexing  point  method. 

of  LavuLsier  and  Laplace,  290. 

220. 

of  mass  action,  314. 

weight  in  ftolution.  222.                 ^i 

of  Mitficherlich,  14,  15. 

weight  of  colloids,  349.                   ^^H 

of  molecular  displacement,  283. 

weight  iti  solution,  222.                  ^^M 

of  multiple  proportions,  5. 

vibration,  142.                                 ^^H 

of  Netunann,  14. 

volume,  120.                                 ^^| 

of  octaves,  22. 

■ 

of  Ohm,  388. 

Neutralisation,  heat  of,  305. 

of  RaoiUt,  209. 

Nitrogen    peroxide,    disitociation    of, 

of  RjchtiT,  4. 

93. 

of  Hiefaii-Boltzmatm,  507. 

Non-dL<»oeiating  solvent,  mluiioo  of 

nf  vohimon,  8. 

Holid  in,  336. 

of  Wien,  607. 

Normal  electrodee,  491.                    ^^M 
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Oetavee,  law  of ,  22. 
Optical  activity,  132. 
Osmotic  pressure,  187,  191. 

and  boiling  point  elevation,  216. 

and  diffusion,  206.. 

and  freezing  point  depression,  221. 
Osmotic  pressure  and   lowering  of 
vapor  pressure,  211. 

comparative  values  of,  201. 

measiirement  of,  189. 

of  colloidal  solutions,  247. 

recent   work  on  direct  measure- 
ment of,  194. 

theoretical  value  of,  192. 
Oxidation   and   reduction  elements, 
482. 

Particles,  ot-,  55. 
Peptization,  276. 
Periodic  law,  22,  64. 

applications  of,  26. 

defects  in,  29. 
Periodicity  of  physical  properties,  25. 

of  radio-elements,  61. 
Phase  rule,  338. 

derivation  of,  339. 
Phosphorescence,  511. 
Photochemical  action,  513. 

after  effect,  523. 

extioction,  515. 

induction,  518. 

reaction,  kinetics  of,  516. 

sensitization,  522. 

synthesis,  524. 
Photo-electric  cells,  525. 
Photo-stationary  state,  618. 
Physical  properties  of  ionized  solu- 
tions, 231. 
Plasmolytic  methods,  201. 
Polarization,  492. 

capacity  of  electrodes,  494. 

electromotive  force  of,  492. 

theory  of,  497. 
Polarized  light,  rotation  of  plane  of, 
129. 


Polymorphism,  158. 
Potential,  between  metal  and  solu- 
tion, 464. 

decomposition,  495. 

difference  at  junction  of  two  solu- 
tions, 469. 

difference  at  liquid  junctions,  472. 

normal  electrode,  475. 
Precipitation  and  valence,  256. 
Precipitation  of  colloids  by  electro* 
lytes,  254. 

of  emulsoids,  257. 

of  suspensoids,  254. 
Preparation    of    colloidal    solutions, 

274. 
Principle  of  maximum  work,  308. 

of  Soret,  208. 
Properties  of  cathode  rays,  33. 

of  gels,  262. 
Proportions,  law  of  combining,  5. 

law  of  definite,  4. 

law  of  multiple,  5. 
Protective  colloids,  268. 
Prout's  hypothesis,  20. 

Quantum  Theory,  164. 

Radiant  energy,  504. 

source  of,  505.  • 

Radiations,  nature  of,  46. 

phosphorescence  induced  by,  46. 

photc^raphic  action  of,  45. 
Radioactive  constant,  50. 

equilibrium,  52. 

substances,  44. 
Radioactivity,  42, 

discovery  of,  42. 
Radio-elements,  periodicity  of,  61. 
Radio-luminescence,  512. 
Radium,  43. 

discovery  of,  43. 

energy  evolved  by,  56. 
Rays,  a-,  0-;  and  y-,  47. 
Ratio  of  charge  to  mass,  38. 

of  specific  heats,  96. 
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R;iT,io  of  rhai-)^  tn  inaxH,  of  speciBt^ 

Solution,  heat  nf,  295.                        ^^H 

llcatH.  <lpt<'niimAti«ri  of,  97,  1*S. 

methodic,  276.                                    ^^^| 

Ilourtinn,  ilftpnnitinfinn  of  onier  of, 

prraBurp.  450.                                        ^^^| 

374. 

Solution)),  1A7.                                       ^H 

iiiRuencc  of  itulveiit  u»  vdocity  of, 

abfiorptiun  in,  269.                             ^^H 

378. 

dafi&ification  of,  167.                       ^^H 

velocity,  339,  374,  377. 

coUoidal,  238.                                  ^H 

Itcai^lions,  at  const&nt  pntwuro,  298. 

conductance  of  tioii-oqiiCQUs,  418.        1 

at  coustjiiit  vdliimo,  208. 

imbibition  in,  2<>7.                              ^^M 

bimolotnilar,  3tift. 

of  gaaes  in  gaam,  167.                     ^^M 

counter,  374. 

of  gases  in  liquids,  167.                   ^^M 

heterogeneous,  velocity  of,  376. 

o(  liquids  iu  liqiuds,  173.                 ^^M 

of  first  order,  364. 

of  eoUda  in  liquids,  181.                    ^^M 

of  higher  orUere,  373. 

lAohydrie,  428.                                   ^^^ 

of  fieoond  order,  366. 

labile,  183.                                       ^H 

of  third  order,  370. 

meta.stablc,  183.                                ^^M 

photochemical,    classification     of, 

properti(>.'4  of  ionized,  231.               ^^H 

nlO. 

HHturiited,  169.                                   ^^H 

Bido,  374. 

^H 

trimoleculaTi  370. 

mipersaturated,  169.                          ^^M 

Reciprocal  precipitalion,  260. 

vohime^normal,  196.                       ^^| 

Refraction,  index  of,  134. 

weight-normal.  196.                        ^^| 

molecular,  VM. 

Solvate  theory,  234.                               ^H 

1 

specific,  Via. 

Solvent,  ionizinfc  |>ower  of,  419.          ^^M 

Kasidual  currout,  495. 

St>t>rific  hRat,  92,  93.                             ^H 

Renatftncn  rjipiicity,  -101. 

and  at.omic  weight,  1 1 .                             ] 

RovCTsihle  wIIb,  448. 

at  coHHtant  pressure  and  Vfdunw,        J 

1 

Rotation,  miiRnpiic,  I3fl. 

93.                                                          1 

1 

molecular,  131. 

of  KBSQB,  100.                                                  ^^J 

1 

of  plane  polarized  light,  129. 

of  soUd  elements,  11,  161.              ^^M 

1 

specific,  131. 

ratio  of,  96.                                        ^^H 
Si>ooitio  reJraetioa,  126.                      ^^| 

1 

Salt  Boliitioris,  thermoneuirality  of, 

nitatinn.  131.                                     ^^H 

1 

305. 

Si>pcira,  absorption,  ISO.                     ^^H 

Sai.urated  solution,  181. 

Standard  cells,  457.                            ^H 

Semi -permeable  membranes,  187. 

Steam  distillation,  179.                        ^^M 

1 

Side  reactiorw,  374. 

Stn^npth  of  acids  and  bases,  424.             1 

Solation,  239. 

Sublimation,  153.                                          ' 

Solidtt,  genrrjil  propcrtitw  of,  ISJ. 

Subraicmna,  239. 

heat  eapaeity  of,  lAl. 

Sulphur,    equilibrium    betwivn    the 

Solubility  coefficient.  171. 

phases  of,  3-I3. 

\     product,  433. 

Surface  cuiiceatration,  272. 

•  Solutes,  abnormal,  225. 

Surface  enerny  of  colloids,  271. 

Solution,  aasociation  in.  225. 

Surface  tension.  144,  146.  149.            ^H 

1 

dissociation  in,  226. 

of  colloidal  solutioos,  247.              ^^^ 

BuHpRnfdonn,  239. 
Sujtpcnsoids,  239. 

precipilal  ion  of,  2^4. 
Sysl«nus  t  hrpi'-«>mponent,  356. 

two-oompuiienl,  345. 

Theorem  of  Le  Chatelier,  309. 
Tboory,  clwtron,  3!. 

kinetic,  100. 

of   riccirolytic    duiROciation,    227, 
229. 

(jf  Holvalion,  234. 
Thorma!  miiw,  280. 
Thcrrauchemical  equations,  287. 

meftaurementa,  288. 
Therrao-luniincscenoc,  fil2. 
Tbcnnoncutndity  of  salt  aolutionA, 

304. 
Tronation  point,  340. 
IVunmisskm  ooefficient,  514. 
Transport  numberfl.  395. 

dctiTiiiintiiiun  (if.  305. 

oleclromftrir  drt^^rmiii.'Uion  of,  477. 
Triails.  of  Doljrreiner,  21. 
Tribo-lutnim'sccnre.  512. 
Trimolecular  reactions,  370. 
Triple  point,  342. 
Tyndall  phenoincnnn,  241. 

Uhrftfiltration,  242. 
nt  ramicroecopt',  241. 
UnimolcMJular  reactions,  351,  364. 
Unitd,  electrical,  3SS. 

Valence,  15. 

clectrometric  det«rniinatioa  of,  47d. 


Vapcir  den.'dty,  83. 

abnormal,  88. 

delerminalionH  of,  85. 
Va[Mtrizatiuii,  heat  of,  118. 
Vapor  pressure,  117. 

aod  oemotic   pressure,   oonncclion 
between,  211. 

lowering  of,  209. 

of  liquids,  117. 
Variation    of    wiuilihrinm    constant" 
with  temperature,  337. 

of  beat  of  rt>iictioii  with  tempera^ 
turc,  300. 
Velocity  cotwtant,  315. 

of  pweoufi  molecule,  80.  _ 

of  imbibition,  2fH).  ■ 

Vibration,  eun-ort  of  moleeular,  142. 
Viscotiity  of  colloidal  Holulioiw,  240. 
Voltaic  pile,  385. 
Volume,  molar,  ID. 
Volumes,  Gfty-Luasac's  law  of.  S. 

Water,  dissociation  of,  414. 
equilibrium  between  phaaea  of, 
340. 

JDuization  constant  of,  413. 
primary  decomposition  of,  501. 
Weight,  atomic,  8.  10,  17,  18. 
combining.  5.  S. 
Kram-molcciilar,  10,  17. 
molar,  10,  17. 

X-raya  and  atomic  structure,  58. 
and  crystal  structure.  150. 
epeotra,  60. 


